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ABSTRACT 
More than a decade after the genomic age, full genome sequencing is cost-effective and fast, 
allowing for the deposit of an ever increasing number of DNA sequences. New fields have arisen 
from this availability of genomic information, and the way we think about biochemistry and 
enzymology has been transformed. Unfortunately, there is no robust method for accurately 
determining the functions of enzymes encoded by these sequences that matches the speed in 
which genomes are deposited into public databases. Functional assignment of enzymes remains 
of utmost importance in understanding microbial metabolism and has applications in agriculture 
by examining bacterial plant pathogen metabolism and additionally in human health by 
providing metabolic context to the human gut microbiome. 
 
To aid in the functional identification of proteins, enzymes can be grouped into superfamilies 
which share common structural motifs as well as mechanistic features. To this end, the enolase 
superfamily is an excellent model system for functional assignment because more than half of 
the members still lack functional identification. Structurally, these enzymes contain substrate 
specificity residues in the N-terminal capping domain and catalytic residues in the C-terminal 
barrel domain. Mechanistically, each enzyme catalyzes the abstraction of a proton alpha to a 
carboxylate on the substrate before proceeding to dehydration, epimerization, deamination, 
racemization or cycloisomerization. There have been enough studies of this superfamily to 
provide valuable insight into the types of reactions performed based on catalytic residues and 
substrate specificity residues, laying the groundwork for functional characterization of unknown 
members. 
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In this thesis, I address the problem of functional assignment by utilizing computational, 
structural, biochemical, and microbiological techniques to assign previously undiscovered 
functions to three groups of enzymes in the enolase superfamily that were previously unknown: 
the Microscilla group of D-galacturonate dehydratases, the Geobacillus group of D-
galacturonate dehydratases, and galactarate dehydratase-III from Agrobacterium tumefaciens 
strain C58. Although the two groups of D-galacturonate dehydratases produce an identical 
product, they act through different mechanisms and have different structural elements. The 
functional assignments of these enzymes contribute to our understanding of the potential 
mechanisms and functions possible in this superfamily. 
 
The Microscilla group of D-galacturonate dehydratases (GalurDs) from Microscilla species 
PRE-1, Streptomyces coelicolor A3(2), Saccarophagus degradans 2-40, Pseudoalteromonas 
atlantica T6c and others utilize D-galacturonate to produce 5-keto-4-deoxygalacturonate in 
dehydration reaction consistent with known acid-sugar dehydratases in the enolase superfamily. 
These enzymes house a KxK motif on the second beta strand and a H/D dyad at the seventh and 
sixth beta strand in the barrel domain. These enzymes are found in organisms that degrade agar. 
In Microscilla species PRE-1 the GalurD gene is encoded on a plasmid along with other genes 
involved in agar degradation implying that GalurD could be contributing to the metabolism of 
agar. 
 
The Geobacillus group of D-galacturonate dehydratases from Geobacillus and Paenibacillus are 
structurally divergent from the abovementioned Microscilla group of GalurDs; unlike other acid-
sugar dehydratases in the enolase superfamily, the Geobacillus GalurD contains an unusual 
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second magnesium ion near the fourth beta strand of the barrel. Upon investigation, we believe 
this second magnesium is not catalytic and is rather an artifact of crystallization. Although these 
enzymes perform the same reaction as GalurDs from Microscilla, the Geobacillus group has a 
different mechanism and different sequence and is thus a separate group of GalurDs in the 
enolase superfamily. 
 
Galactarate dehydratase-III (GalrD-III) from Agrobacterium tumefaciens strain C58 is unlike 
previously reported galactarate dehydratases in the enolase superfamily in terms of sequence and 
substrate specificity: GalrD-III dehydrates galactarate with catalytic residues similar to 
galactonate dehydratases (galactonate dehydratases do not dehydrate galactarate, nor do 
galactarate dehydratases dehydrate galactonate) making this reaction unique in the enolase 
superfamily. Furthermore, GalrD-III dehydratases D-galacturonate by abstracting the proton 
located alpha to the aldehyde, producing a diketo product which undergoes a Benzil 
rearrangement to yield either 3-deoxy-D-xylo-hexarate or 3-deoxy-D-lyxo-hexarate 
(stereochemistry at C2 is uncertain), a compound not found in any known metabolic pathway. 
This is a novel mechanistic step and product in the enolase superfamily which prompts us to 
reexamine the possible substrates that can be utilized by enolase superfamily members. 
 
In providing these functional assignments to these groups of enzymes, we are not only able to 
extend these functions to other enolase superfamily members sharing the appropriate structural 
characteristics, but we can also expand our screening libraries and methods to incorporate aldose 
sugars; these have been previously overlooked as a possible substrate for sugar dehydratases in 
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this superfamily. Thus, this work contributes to the problem of functional assignment by 
illuminating additional mechanistic and functional possibilities in the enolase superfamily. 
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CHAPTER 1: INTRODUCTION 
1.1. Genomic enzymology in the post-genomic era 
We are now more than a decade past the genomic era in which genomic sequencing became 
possible. Since the deposition of the human genome in 2000, the cost of sequencing has dropped 
by ~100 fold (Figure 1.1). Genome sequencing is now cost-effective and fast, giving rise to 
several thousand genome projects and increasing amounts of genomic information. New 
scientific fields were created to interpret the abundance of genomic information, especially the 
underlying regulatory mechanisms of gene duplication and transcription. This new-found 
knowledge transformed the way scientists think about biology, and these new tools were 
intended to expand our knowledge of biochemistry as new protein sequences were deposited in 
public databases. During this time, genomic enzymology emerged to enable enzymologists to 
study enzyme superfamilies in terms of genomic context as well as evolution of structure and 
function [1, 2]. 
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Figure 1.1. Cost per raw megabase of DNA sequence as reported by NIH-funded sources, 
provided by genome.gov/sequencingcosts. 
 
 
However, the abundance of genomic information has not translated well into protein functional 
assignment. The number of protein sequences deposited in public databanks increases at an 
exponential rate as more genome sequences are completed, and, unlike DNA sequences which 
can be interpreted into functional units (genes, operons, etc.) using computation, there is no high-
throughput method for accurately assigning a function to a protein based on its sequence. As the 
number of protein sequences grows, the task of annotating enzyme functions becomes 
increasingly difficult. The fastest way to annotate a protein’s function in public databases such as 
NCBI is through automated annotation based on homology; this means that if a protein shares a 
certain percent identity with an annotated protein, then the annotation will be automatically 
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transferred. Unfortunately, this high-throughput method does not reliably predict a protein’s 
function, resulting in the propagation of misannotations throughout public databases. Finally it 
will lead to more misannotations as more proteins are deposited. The most accurate method for 
functional assignment occurs in the Swiss-Prot manually curated database which is based on 
published results [3]. This method is slow compared to assignment through homology, but 
results in far fewer annotation errors. 
 
As computational predictions improve, the struggle to manually assign functions will become 
less tedius. To date, few studies report correctly identified functional assignments based on in 
silico predictions, although this number is steadily growing. Computational docking is a key tool 
in functional assignment. Recently, it was discovered that performing docking on enzymes 
located nearby on the genome can give more insight into “true” substrates than docking on a 
single enzyme by providing clues to common substrate moieties among several enzymes in a 
pathway [4]. Nonetheless, the most reliable enzyme functional assignments are those confirmed 
by laboratory experiments.  
 
As computation attempts to keep up with the number of proteins being deposited, biochemistry 
attempts to move beyond a mere reporting of kinetic constants to an investigation of the 
physiological roles of enzymes in the context of a whole organism. This requires new thoughts 
about carbon sources and additional microbiological techniques such as gene deletions, growth 
studies, and transcript analysis to truly identify the role of an enzyme in the cell. 
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1.2. Strategies for determining the roles of enzymes within the context of an organism 
There are many ways to assign functions to enzymes, but those using a microbiological approach 
to determine the cellular role of an enzyme are the most relevant to physiological function. To 
this end, biochemists must steer away from merely reporting in vitro kinetic constants as a 
measure of the enzyme’s cellular role and instead focus on how the enzyme works in vivo. This 
strategy provides information on cellular metabolic pathways for enzymes involved in sugar 
degradation. 
 
1.2.1. Pathways for metabolism and catabolism 
Many enzymes play a role in either anabolism or catabolism in cells. Both anabolism and 
catabolism consist of several pathways in the organism and enzymes catalyze the different steps 
in these pathways. In prokaryotic organisms, genes are often organized into operons on the 
bacterial chromosomes; these adjacent genes that are under the control of a single regulator can 
give tremendous insight into unknown functions. Operon context may provide useful insights 
into functional assignment, especially if other enzymes in the pathway have been characterized 
functionally or structurally. 
 
Pathway docking is a powerful new approach to functional assignment. In pathway docking, 
structures of genome-proximal proteins can be used to determine the substrates for enzymes of 
unknown function, thus focusing the possible substrate list to a handful of potential chemicals. In 
this method, each structure is used for the docking of potential substrates; next, the substrate lists 
are compared to find substrates that work for each protein. This approach has been used to 
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successfully characterize a proline betaine degradation pathway in Paracoccus denitrificans and 
Rhodobacter sphaeroides [4]. 
 
1.2.2. Transcription and translation levels using RT-PCR 
In order to understand the metabolic pathways in cells, transcriptional and translational analyses 
are used. In prokaryotic organisms, genes are often organized into operons. When this occurs, 
each operon-encoded protein will be utilized in a metabolic pathway which can be used to 
determine functions of uncharacterized enzymes. Operons can be experimentally determined 
using transcriptional analysis, and, occasionally, computationally predicted. When an operon has 
been established, functional assignment is often easily done through pathway docking or through 
laboratory experiments. To this end, reverse transcriptase polymerase chain reaction (RT-PCR) 
can be used to identify co-transcribed genes. RT-PCR is used to create a complimentary DNA 
(cDNA) library from total RNA in the cell, which means the cDNA is reflective of the mRNA 
transcripts. An operon can be established by using the cDNA to determine which genes are co-
transcribed through PCR amplification of intergenic regions. 
 
In addition to RT-PCR, quantitative polymerase chain reaction (qPCR) is used to establish the 
regulation of genes on different carbon sources. Similar to RNA-sequencing (RNAseq), this 
method can quantitatively establish which genes are transcribed by the cell under different 
growth conditions. 
 
However, transcription only reports the amount of mRNA before a protein is translated. 
Translational levels can impart more information on the amounts of protein being made in the 
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cell and can provide important information about translational regulation and protein-protein 
interactions.  
 
1.3. Enzyme superfamilies with roles in sugar metabolism 
In addition to deciphering metabolic pathways, understanding the overall structure of the protein 
of interest is essential for understanding its function. Grouping enzymes into superfamilies is a 
valuable strategy for functional assignment. Enzyme superfamilies are groups of related enzymes 
that share an overall structure and often conserved mechanistic steps. Because of the structural 
similarities and shared partial mechanisms, superfamily members are identified in sequence 
alignments and functions can be quickly inferred, making these groups a useful platform for 
developing functional assignment tools.  
 
Two well-characterized superfamilies are the enolase and the amidohydrolase superfamilies 
which have served as paradigms for enzyme functional assignment in the last decade. Both of 
these superfamilies have catabolic roles in sugar degradation pathways. 
 
1.3.1. Enolase superfamily 
The enolase superfamily (ENS) is a group of enzymes named for its most prominent member, 
enolase, and was discovered based on the ability of several groups of enzymes to abstract a 
proton located alpha to a carboxylate group. Superposition of these groups revealed a shared 
overall structure: a C-terminal TIM-barrel motif and an N-terminal capping domain (Figure 1.2) 
[5]. The catalytic residues are located at the ends of the β-strands in the barrel domain; residues 
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imparting substrate specificity are found in the N-terminal loops which will close over the active 
site and exclude water. The active site is located at the interface of these domains.  
 
 
Figure 1.2. Overall structure found in enolase superfamily members: an N-terminal capping 
domain and a C-terminal barrel domain; the active site is located at the interface of these 
domains. 
 
Enolase superfamily members share a conserved mechanistic step: the abstraction of a proton 
located alpha to a carboxylate group, resulting in an enolate intermediate (Figure 1.3). This 
enolate intermediate is stabilized in the active site by coordination to a divalent magnesium ion. 
The abstraction is chemically difficult (pKa ~ 29), but the resulting intermediate stabilization 
allows this reaction to occur. 
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Figure 1.3. Shared mechanistic step in enolase superfamily members: the abstraction of a proton 
located alpha to a carboxylate group (red) by a general base in the active site yields an enolate 
intermediate which is stabilized by Mg
2+
 in the active site. The enolate intermediate can then 
undergo any number of mechanistic fates. 
 
ENS members all contain a conserved magnesium ion in the active site which stabilizes the 
enolate intermediate. Without this stabilization, proton abstraction would not occur. Sequence 
alignments show that members of this superfamily share three highly conserved magnesium-
binding residues at the ends of the third, fourth, and fifth β-strands. The magnesium-binding 
residues are typically glutamate and aspartate, but also vary in some subgroups such as the 
GlucD subgroup or the GalrD-II subgroup (Table 1.1) [6-8]. 
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Table 1.1. Residues used to partition enolase superfamily members into different subgroups. 
MAL, Methylaspartate Ammonia Lyase; MLE, Muconate Lactonizing Enzyme; MR, Mandelate 
Racemase; GlucD, D-Glucarate Dehydratase; ManD, D-Mannonate Dehydratase; GalrD-II, 
Galactarate Dehydratase-II. 
β strand: 
2 3 4 5 6 7 8 
Subgroup 
Enolase E D E D K H K 
MAL H D E D K 
  MLE K D E D K 
 
E/DxD/G 
MR KxK D E E D H E 
GlucD KxK D E N D H E 
ManD R/Y DxH E E R H E 
GalrD-II RxY D E H 
    
The enolase superfamily is divided into subgroups based on the catalytic residues in the barrel 
domain. There are currently seven known subgroups in the enolase superfamily (Table 1.1). The 
positions of the catalytic residues which act as the general base to abstract the substrate proton 
located alpha to a carboxylate group are typically found on the ends of the second or sixth β-
strands, allowing some enolase superfamily members to initiate abstraction from either one side 
or both sides of the barrel domain. In the Enolase subgroup members, found in bacteria as well 
as humans, the catalytic lysine at the end of the sixth β-strand abstracts the alpha proton. For the 
Methylaspartate Ammonia Lyase (MAL) subgroup the lysine residue at the end of the sixth β-
strand abstracts the 3S-proton of the L-threo-methylaspartate substrate, and the histidine residue 
at the end of the second β-strand abstracts the 3R-proton of L-erythro-methylaspartate [9]. The 
lysine at the second β-strand is the general base in the muconate lactonizing enzyme (MLE) 
subgroup. In the Mandelate Racemase (MR) subgroup and D-Glucarate Dehydratase (GlucD) 
subgroups, the second lysine of the KxK motif at the second β-strand or the histidine of the H/D 
dyad at the seventh and sixth β-strands can act as the general base [5, 6]. For the D-Mannonate 
Dehydratase (ManD) subgroup, the general base is the Y of a Y/R dyad at the end of the second 
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β-strand [10]. The GalrD-II subgroup houses an RxY motif at the second β-strand that acts as the 
general base to abstract the alpha proton [11].  
 
This diversity in catalytic residues underlies the diversity in functions found in the enolase 
superfamily. Known functions in this superfamily include deamination, dehydration, 
cycloisomerization, epimerization, and racemization. Because of the adaptability of the barrel 
domain, other functions are certainly possible. 
 
1.3.2. Amidohydrolase superfamily 
 The Amidohydrolase superfamily is another large group of homologous enzymes which share 
an overall structure: a distorted (β/α)8-barrel which contains between zero and three metal centers 
[12, 13] (Figure 1.4). This superfamily can be structurally classified by the metal centers (Table 
1.2), and then further divided into presumably isofunctional Clusters of Orthologous Groups 
(COGs). 
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Figure 1.4. Overall structure of amidohydrolase superfamily members contains an ellipsoidal 
TIM-barrel. 
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Table 1.2. Conserved metals and binding residues in the amidohydrolase superfamily. PTE, 
phosphotriesterase; DHO, dihydroorotase; IAD, iso-aspartyl dipeptidase; URE, urease; ADA, 
adenosine deaminase; CDA, cytosine deaminase; AGD, N-acetyl glucosamine-6-phosphate 
deacetylase; DAA, D-amino acid deacetylase; URI, uronate isomerase; PHP, histidinol 
phosphatase. 
AH member(s) Metal(s) site 
β1 
(Mα) 
β2 
 
β3 
 
β4 
 
β5 
(Mβ) 
β6 
(Mβ) 
β7 
 
β8 
(Mα) 
PTE, DHO, IAD, 
URE, HYD 
Zn or Ni α, β HxH 
  
K H H 
 
D 
PTE Zn α, β HxH 
  
E H H 
 
D 
ADA, CDA Zn or Fe α HxH 
   
H H* 
 
D 
AGD Fe β HxH# 
 
E 
 
H H 
 
D* 
DAA Zn β HxH# C 
  
H H 
 
D* 
RDP Zn α, β HxD 
 
E 
 
H H 
 
D* 
URI Zn α HxH 
   
H 
  
D 
PHP Ni, Zn, Fe α, β, γ HxH H E 
 
H H 
 
DxH 
# These residues are not directly coordinated to the cation. 
*These residues are hydrogen bonded to the hydrolytic water molecule and are not directly 
coordinated to the cation. 
 
The metal binding motifs found in phosphotriesterase (PTE), dihydroorotase (DHO), iso-aspartyl 
dipeptidase (IAD), urease (URE), and three members of hydantoinases (HYD) contain a typical 
structure that consists of two metal ions separated by 3.6 Å. The more buried metal center, called 
Mα, is coordinated by two histidine residues in an HxH motif from the first β-strand and an 
aspartate residue from the eighth β-strand, whereas the more solvent-exposed metal center, Mβ, 
interacts with two histidine residues from the fifth and sixth β-strands. The two metals are 
bridged by a carbamylated lysine at the fourth β-strand as well as a hydroxide [12]. Some PTE 
enzymes share the same binding motif with the exception of a glutamate residue at the fourth β-
strand instead of the post-translationally modified lysine. 
 
Adenosine deaminase (ADA) and cytosine deaminase (CDA) contain a single metal site buried 
in the Mα site. Similarly, N-acetyl glucosamine-6-phosphate deacetylase (AGD) and D-amino 
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acid deacetylase (DAA) both contain a single metal ion but it is located in the more solvent-
exposed Mβ site rather than the buried Mα. These enzymes all lack the residue at β4 which would 
bridge two metal ions. ADA and CDA which contain only the Mα site metal do not use the Mβ-
binding residues for metal binding. Similarly, those enzymes which lack a metal ion in the Mα 
site do not use the HxH motif at β1 for direct coordination of the metal, as those residues are 
used to bind the metal in the Mα site [12]. 
 
Uronate isomerase (URI) is a structurally divergent member of the amidohydrolase superfamily. 
It contains one zinc ion in the Mα site which coordinates to the C5 hydroxyl group of the 
substrate as well as the C1 carboxylate of the substrate; this enzyme does not appear to utilize an 
activated water in its mechanism  
The histidinol phosphatase (PHP) family contains three metals: the Mα metal is coordinated by 
the HxH motif at β1 as in PTE as well as an aspartate residue at the end of β8. The Mβ metal is 
liganded by a histidine at β5 and another at β6 as in PTE, but also coordinates a glutamate 
residue at β3/4. The third metal, Mγ, coordinates to an aspartate residue just before the first α- 
helix, a histidine at β2, and a histidine at β8 which in PTE would coordinate the second metal. 
Enzymes with these structures are typically phosphatases [13]. 
 
Consequently, these superfamily members are able to catalyze the hydrolysis of many substrates 
which contain ester or amide as well as decarboxylation, deamination, isomerization, or 
hydration [15]. The most common reaction in this superfamily is hydrolysis which occurs when 
the metal center activates a water molecule in the active site for nucleophilic attack. In members 
14 
 
which lack a metal center such as 2-pyrone-4,6-dicarboxylate lactonase (LigI), acidic residues in 
the active site activate the water for attack [16]. 
 
Grouping enzymes into superfamilies immediately provides insight into potential functions and 
mechanisms, but does not provide information about the role of these enzymes in metabolic 
pathways. The carbon source utilization must be considered to evaluate proposed metabolic 
pathways. Plant-associated bacteria are excellent candidates for functional assignment because 
plants are rich sources of diverse sugars [17], allowing the potential for undiscovered catabolic 
pathways. In the ENS, plant-associated bacteria such as Agrobacterium tumefaciens strain C58 
and Streptomyces coelicolor A3(2) have more enzymes from the MR subgroup, which have 
potential for novel sugar metabolism (Table 1.3) 
Table 1.3. Number of enolase superfamily members from different organisms compared with the 
number of mandelate racemase (MR) subgroup members that are typically involved in sugar 
metabolism. Both Agrobacterium tumefaciens and Streptomyces coelicolor are known to live 
closely associated with plants or decaying plant material.  
Organism 
Number of 
ENS 
members 
Number of 
MR 
subgroup 
Number of 
uncharacterized 
ENS 
Escherichia coli (ATCC 25922) 9 8 1 
Haemophilus influenzae f3031 1 0 0 
Enterococcus faecalis aro1/dg 2 0 0 
Agrobacterium tumefaciens strain C58 12 8 7 
Streptomyces coelicolor A3(2) 9 9 6 
 
1.4. Plant material as a carbon source for microorganism growth 
Plants and plant material are a natural carbon source for many microbial strains [17]. Plant cell 
walls are composed of ~90% carbohydrates [18], most of which are complex polymers such as 
pectin. These polymers can be broken-down into sugar monomers which may feed into 
metabolic pathways in plant pathogens and other plant-associated microbes [17, 19, 20]. Because 
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of the complex mixture of sugars in plants, plant-associated microbes can utilize plant-derived 
carbon sources through previously undiscovered metabolic pathways. These plant-associated 
bacteria are fascinating model systems for uncovering novel carbon sources as well as novel 
metabolic pathways. 
 
1.4.1. Seaweed and agar 
Seaweeds are photosynthetic macroalgae which differ from plants in their lack of defined tissues 
such as the root system as well as the vascular system. Seaweeds are rich in agar and other 
polymers (carrageenan, chitin, lignin, cellulose, etc.) and may provide epiphytic bacteria with a 
tightly-controlled carbon source while the bacteria provide seaweeds with carbon dioxide as well 
as defense mechanisms [21, 22]. 
 
 
Figure 1.5. Typical structure of agar found in seaweeds. 
 
Agar is composed of mainly D-galactopyranose and 3,6-anhydro-α-galactopyranose residues 
(Figure 1.5); presumably, these monomers are utilized as bacterial carbon sources. More research 
in this area is needed to fully understand the metabolic consequences of agar degradation. 
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1.4.2. Plant cell walls and pectin 
Pectin, a polymer which is commonly used as the solidifying ingredient in jams and jellies, is a 
major component of primary plant cell walls and is comprised of mainly D-galacturonic acid 
monomers linked in α-1,4 conformations (Figure 1.6) [18]. There are several structural forms of 
pectin. Homogalacturonan, which is made of solely D-galacturonate monomers, is the most 
common structure of the pectin found in primary cell walls [18]. Often, the D-galacturonate 
monomers are methyl-esterified in the polymer, depending on the originating plant [18, 23]. 
Without esterification, the pectin coordinates with calcium and forms a gel.  
 
 
Figure 1.6. Simplified structure of homogalacturonans found in plant cell walls. 
 
The natural abundance of pectin in plants makes D-galacturonate a relevant compound to a 
number of microorganisms as well as inexpensive to obtain for growth experiments. It has been 
established that plant pathogens excrete polygalacturonases which break down the pectin to form 
D-galacturonate and 5-keto-4-deoxy galacturonate monomers, which are then transported into 
the cell for degradation.  
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1.4.3. Plant-associated bacteria and sugar metabolism 
Plant-associated microbes occasionally live on the sugars found in plant material, such as pectin 
and agar. The degradation of pectin is well-studied, and at least three pathways for its 
degradation are known. After pectin is hydrolyzed and lysed, it forms D-galacturonate and 5-
keto-4-deoxy galacturonate that feed into known pathways: D-galacturonate is used in both the 
oxidative pathway found in the plant pathogen Agrobacterium tumefaciens [24] and the 
isomerase pathway found in organisms such as Escherichia coli [25], whereas 5-keto 4-
deoxygalacturonate is consumed the reductive pathway found in both E. coli and A. tumefaciens 
(Figure 1.7) [24, 25]. Over time, the degradation of pectin by plant pathogens is deleterious to 
the cellular structure of plants [18, 26]. 
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Figure 1.7. Known bacterial degradation pathways for pectin. The oxidative pathway starting 
with Udh is colored in green, the isomerase pathway starting with UxuC is colored in blue, and 
the reductive pathway starting with KduI is colored purple. 
 
Other plant-associated bacteria also have the potential to utilize plant-derived carbohydrates, 
such as agar-degrading bacterium Microscilla species PRE-1. Seaweeds, which are a source of 
agar, are known to play important roles in aquatic ecosystems including sea microbiota [21]. 
Macroalgae and epibiotic bacteria such as Microscilla are so deeply intertwined in each other’s 
survival that they can be considered holobiotic, as observed in coral communities [21]. The 
organisms which live associated with seaweeds often use the seaweed as a source of nutrition 
and cling to the surface of the seaweed. In cultures where seaweed is a major foodstuff, the 
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human gut microbiomes contain enzymes originating from these seaweed-associated microbes; 
these advantageous enzymes are then used in the human host to degrade seaweed in the gut [27]. 
 
In nature, degradation of the cell wall polymers of the seaweed would eventually become 
deleterious to the host, so epiphytic bacteria grown on these sources must be carefully regulated 
for a successful holobiome (consisting of epiphytic bacteria and host); bacteria which degrade 
the cellular structure of the seaweed would be pathogenic. Pathogenic bacteria such as 
Pseudoalteromonas tunicata have been shown to grow on seaweed cell wall polymers by 
employing extracellular enzymes to degrade the polymers and then importing the resultant 
monomers [28]. Although aquatic agar-degrading bacteria have been isolated [19, 20], little is 
known about agar degradation pathways in bacteria. 
 
Because of the complex carbohydrate structures of plants, there are likely undiscovered 
metabolic pathways which utilize plant-derived carbohydrates. Discovery of novel enzyme 
functions from plant-associated bacteria provides further insights into carbohydrate metabolism 
and improves our understanding of the metabolism occurring in the human gut microbiome.  
 
1.5. Conclusions 
Determination of accurate and physiologically relevant enzyme functional assignment remains 
problematic in post-genomic enzymology. Despite advances in computational predictions, the 
most reliable method of assigning a function to an enzyme remains laboratory techniques which 
must be manually performed. Without a reliable method to assign functions to enzymes which 
matches the speed of genomic sequencing, we are missing information on metabolic pathways in 
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which these enzymes take part. New strategies are being employed to assign functions to 
enzymes involved in bacterial metabolism such as pathway docking, and cellular roles for 
enzymes are being uncovered using microbiology. By focusing on bacteria associated with plants 
as well as enzyme superfamilies such as the enolase superfamily or amidohydrolase superfamily, 
additional tools can be developed to expedite the process of functional assignment. 
 
This thesis focuses on enzymes in the enolase superfamily encoded in plant-associated bacteria 
such as Microscilla species PRE-1, Geobacillus species Y412MC10, and Agrobacterium 
tumefaciens species C58. Enzymes from these organisms were investigated to functionally 
characterize enzymes involved in novel sugar catabolic pathways. Convergent D-galacturonate 
dehydratases from Microscilla and Geobacillus were identified and characterized. These 
enzymes represent a novel step in the degradation of pectin, the likely natural source of D-
galacturonate. Furthermore, a novel galactarate dehydratase from Agrobacterium tumefaciens 
strain C58 was discovered; unlike previously characterized galactarate dehydratases in the ENS 
[11, 29], this enzyme showed a novel activity on D-galacturonate in which the proton located 
alpha to the aldehyde was abstracted. This novel mechanistic step revealed that aldoses are 
potential substrates for enolase superfamily members, as these substrates contain a proton alpha 
to an aldehyde group. 
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CHAPTER 2. IDENTIFICATION OF D-GALACTURONATE 
DEHYDRATASES FROM STREPTOMYCES COELICOLOR A3(2), 
MICROSCILLA SPECIES PRE-1, PSEUDOALTEROMONAS ATLANTICA 
T6c, EPULOPISCULUM, AND SACCAROPHAGUS DEGRADANS 2-40 
2.1. Introduction 
As mentioned in Chapter 1, plant cell walls contain the structural polymer pectin, a complex 
polymer composed of mostly D-galacturonic acid monomers. Due to its bioavailability, D-
galacturonate is an abundant carbon source for many bacteria living in soil and is a target for 
ethanol production from biomass [1]. The degradation of D-galacturonate has been studied in 
Escherichia coli and Agrobacterium tumefaciens [2, 3], but known pathways do not contain a D-
galacturonate dehydratase (Figure 1.7).  
 
The enzymes described in this chapter are the first examples of D-galacturonate dehydratases 
(GalurDs) identified in the enolase superfamily. These enzymes populate a single cluster in a 
95% identity representative node sequence similarity network with a BLAST cutoff value of  
10
-85
 (Figure 2.1) This group includes members from Microscilla species PRE-1, Streptomyces 
coelicolor A3(2), Pseudoalteromonas atlantica T6c, Saccarophagus degradans 2-40, and 
Epulopiscium. Because the most experimentally used member of this group originates from 
Microscilla sp. PRE-1, this group is called the Microscilla group for simplicity. From sequence 
alignments, this group of enzymes was identified as part of the Mandelate Racemase (MR) 
subgroup: they contain a KxK motif at the second β-strand; D, E, E metal binding ligands at the 
third, fourth, and fifth β-strands; and an H/D dyad at the C-terminal end of the seventh and sixth 
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β-strands, respectively. These enzymes were identified through a screening assay which detects 
dehydration activity using a library of acid sugar substrates.  
 
Figure 2.1. Representative node (95% identity) sequence similarity network of all enolase 
superfamily members except for enolase at a BLAST cutoff value of 10
-85
. The Microscilla 
group is indicated with a red circle. 
2.1.1. Genome neighborhood context of S. coelicolor 
One member of the Microscilla group originates from the soil-dwelling bacterium Streptomyces 
coelicolor A3(2), which was the first GalurD investigated from this group. The S. coelicolor 
A3(2) genome neighborhood context which encodes a GalurD (gi 21221904, gene locus 
SCO3480, UniProt accession Q9RKF7) also encodes three dehydrogenases and a β-galactosidase 
(Figure 2.2). The first dehydrogenase (gi 21221902, gene locus SCO3478, UniProt accession 
Q9RKF9) shares no specific homology with functionally annotated dehydrogenases (Figure 2.2, 
green arrow), giving no information on possible substrate. However, the following downstream 
dehydrogenase (gi 21221901, gene locus SCO3477, UniProt accession Q9RKG0) shows 
homology with known alcohol dehydrogenases (Figure 2.2, yellow arrow). The final 
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dehydrogenase in S. coelicolor (gi 21221900, gene locus SCO3476, UniProt accession 
Q9RKG1) is annotated as a 2-deoxy-D-gluconate 3-dehydrogenase, also known as KduD (Figure 
2.2, purple arrow).  
 
 
Figure 2.2. Gene clustering of GalurDs (red arrows) investigated from the Microscilla group. 
 
KduD is found in the isomerase pathway for D-galacturonate degradation (Figure 1.7) and is 
known to catalyze the reduction of 2,5-diketo-3-deoxy-gluconate to 2-keto-3-deoxy-D-gluconate. 
Typically, KduD genes are found adjacent to KduI (5-keto 4-deoxy-galacturonate isomerase) as 
these genes are in the same pathway. KduI acts on 5-keto 4-deoxy-galacturonate, the product of 
GalurD or oligogalacturonate lyase, and isomerizes it to form 2,5-diketo-3-deoxy-gluconate 
(Figure 2.3A). Given the gene context surrounding this GalurD, we hypothesized that two of the 
three dehydrogenases could replace the function of the isomerase in two steps: in the first step, a 
dehydrogenase would reduce the aldehyde of 5-keto-4-deoxy-galacturonate to form 2-keto-3-
deoxy-L-galactonate; in the second step, a second dehydrogenase would oxidize 2-keto-3-deoxy-
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L-galactonate to 2,5-diketo-3-deoxygluconate, the same product resulting from the isomerization 
of 5-keto-4-deoxy-galacturoante by KduI. Then KduD would produce 2-keto-3-deoxygluconate 
which would then be phosphorylated and cleaved to form pyruvate (Figure 2.3B). This gene 
clustering implies the encoding proteins could act in a pathway for D-galacturonate degradation 
through GalurD. 
 
Figure 2.3. Proposed pathways for metabolism of 5-keto-4-deoxy-galacturonate, the product of 
GalurD. (A.) Pathway found in E. coli and others which utilizes KduI uronate isomerase and 
KduD dehydrogenase. (B.) Proposed pathway in Microscilla group organisms which utilizes 
three total dehydrogenases found in the genome neighborhood contexts of GalurDs. 
 
2.1.2. Other organisms having similar genome neighborhoods 
The genome contexts of other members of the Microscilla group were then investigated to 
determine whether this unusual genome neighborhood context was a common characteristic of 
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this cluster. Other organisms in the Microscilla group were found which shared three 
dehydrogenases adjacent to GalurD genes: Microscilla sp. PRE-1, Pseudoalteromonas atlantica 
T6c, and Saccarophagus degradans 2-40 (Figure 2.2, yellow, purple and blue arrows). 
Interestingly, these genomes encode an aldehyde dehydrogenase (Figure 2.2, blue arrow) which 
does not have a homolog in S. coelicolor; nonetheless, the function of the proteins encoded by 
these genes will likely be identical. Genes encoding the β-galactosidase were found only in 
Microscilla and S. coelicolor, making these genes unlikely players in a metabolic pathway for D-
galacturonate degradation in this cluster. Additionally, Epulopiscium contained four 
dehydrogenases: three homologous to those found in Microscilla sp. PRE-1, Pseudoalteromonas 
atlantica, and Saccarophagus degradans as well as the dehydrogenase (Figure 2.2, green arrow) 
from S. coelicolor. The role of the additional dehydrogenase is unknown. 
 
2.1.3. Implications for agar degradation 
The presence of a GalurD in Microscilla, Saccarophagus degradans and Pseudoalteromonas 
atlantica, all of which are known to degrade agar [4-6], indicates that these organisms may use a 
distinct pathway in the degradation of agar through a D-galacturonate intermediate. In fact, the 
GalurD gene in Microscilla is encoded on its agar-degradation plasmid [5]. When this plasmid is 
removed from the Microscilla genome, the organism completely loses its ability to grow on agar 
as a carbon source [5]. The presence of the GalurD gene on this agar degradation plasmid 
suggested a possible pathway for agar degradation by Microscilla (Figure 2.4). Agarases 
encoded on the agar-degradation plasmid could hydrolyze agar into D-galactose and 3,6-
anhydrogalactose. Next, a cytochrome P450 monooxygenase could add a hydroxyl group to the 
3,6-anhydrogalactose, which would be hydrolyzed to form galactose dialdehyde. A 
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dehydrogenase could then oxidize one of the aldehyde groups to form D-galacturonate, which 
would be dehydratated by the GalurD to form 5-keto-4-deoxy-galacturonate. 
 
 
Figure 2.4. Hypothesized pathway for agar degradation in Microscilla sp PRE-1 which utilizes 
genes located on its agar degradation plasmid. 
 
2.2. Materials and methods 
The following methods were used to assign the D-galacturonate dehydratase function to the 
Microscilla group of enzymes. 
 
2.2.1. Cloning from genomic DNA 
The Streptomyces coelicolor A3(2) dehydratase gene (UniProt accession Q9RKF7, locus 
SCO3480) was polymerase chain reaction (PCR) amplified from genomic DNA (ATCC) using 
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Platnium Pfx DNA polymerase (Invitrogen). The PCR consisted of 50 ng of genomic DNA, 10 
µL of 10x Enhancer, 10 µL of 10x Pfx amplification buffer, 2 µL of 50 mM MgSO4, 0.4 mM 
dNTPs, 20 pmol of each primer (forward primer 5’-CGC TAT CTC TAG CCA CGC ATG GGC 
AAG CTA GTA TAC AAC ATG GCA-3’, reverse primer 5’-GAC TGG GTC AGC CGC AGC 
TCG AGC GAC CGG TCA CCC CAC-3’) and 1 unit of Platinum Pfx DNA polymerase in a 
total volume of 100 µL. A PTC-200 gradient cycler (MJ Research) was used to amplify the gene 
with the following program: 94 °C for 3 minutes followed by 40 cycles of 94 °C for 1 minute, 60 
°C for 1 minute 15 seconds, 68 °C for 3 minutes followed by a final extension at 68 °C for 10 
minutes. The amplified gene was digested and then ligated into a modified pET-15b vector 
containing 10 instead of 6 His residues in the N-terminal His tag. 
 
The gene encoding the dehydratase from Microscilla sp. PRE1 (UniProt accession Q93P87, 
locus MS144) as well as three genome-proximal dehydrogenases (loci MS141, MS142, and 
MS143 [5][5]) were cloned into the same 10-His modified pET-15b (Novagen) vector by Dr. 
Wen Shan Yew. 
 
The other dehydratase encoding genes from Saccharophagus degradans 2-40 (locus Sde_2648), 
Pseudoalteromonas atlantica T6c (locus Patl_2550), Geobacillus sp. Y412MC10 (locus 
GYMC10_3367) and Paenibacillus sp. JDR-2 (locus Pjdr2_0551) were provided by SGX 
Pharmaceuticals, as were two dehydrogenases from S. degradans: gene locus Sde_2645 and 
Sde_2646, and UniProt AC Q21HC2 and Q21HC3, respectively. These genes were ligated into 
pSGX3 vectors containing an N-terminal hexahistidine tag and kanamycin resistance. 
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2.2.2. Enzyme expression and purification 
E. coli BL21(DE3) was used for protein expression. For the Microscilla GalurD (UniProt 
accession Q93P87, locus MS144), cultures were grown in LB broth (supplemented with 100 
µg/mL ampicillin) at 25 °C and shaken at 220 RPM for 48 hours. Expression of the S. coelicolor 
dehydratase (UniProt accession Q9RKF7, locus SCO3480) was performed in the same way, with 
1 mM IPTG added to induce expression. For the S. degradans and P. atlantica dehydratases 
cultures were grown 37 °C and shaken at 220 RPM for 24 hours in LB broth (supplemented with 
50 µg/mL kanamycin). Expression was induced with 1 mM IPTG.  
 
Cells were harvested by centrifugation (4650 x g, 4 °C) followed by resuspension in 30-40 mL of 
binding buffer (20 mM Tris-HCl pH 7.9, 0.2 M NaCl, and 5 mM MgCl2). Cells were then lysed 
through sonication and the resulting lysate was clarified by centrifugation (31,000 x g, 4 °C). 
The resulting supernatant, containing the His-tagged protein of interest, was loaded onto a 5 mL 
nickel-charged chelating Sepharose Fast Flow column equilibrated with 10 column volumes 
binding buffer. The column was washed with a mixture containing 15% elution buffer (0.5 M 
imidazole, 20 mM Tris-HCl at pH 7.9, 0.2 M NaCl and 5 mM MgCl2) and 85% binding buffer 
for 20 column volumes. The protein was eluted over a 150 mL gradient of 15 to 100% elution 
buffer with an additional 100 mL at 100% elution buffer [7]. Purity was confirmed using SDS-
PAGE. Protein-containing fractions were pooled for dialysis against a solution of 20 mM HEPES 
pH 7.9, 5 mM MgCl2, 0.1 M NaCl, and 10% glycerol. 
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2.2.3. Sugar library and screening for functions 
A spectrophotometric endpoint assay was performed to detect dehydratase activity of each 
purified protein. This assay uses a library of 77 acid sugars as described previously [8-10]. The 
library contained D-galacturonate, L-galacturonate, several other uronic acids and m-galactarate, 
which is identical to D-galacturonate except it contains a carboxylate moiety instead of an 
aldehyde at C1. 
 
The dehydration screening was performed using reactions containing 10 mM substrate, 1 µM 
enzyme, 20 mM HEPES at pH 7.9, and 5 mM MgCl2 (50 µL total volume) in a Corning UV-
transparent 96-well plate. The reaction plate was covered and incubated at 30 °C for 16 hours. 
Each reaction was then quenched by addition of 250 µL of 1 % semicarbazide/1 % sodium 
acetate solution and incubated at 22 ºC for one hour; the total volume of 300 µL provided a 
pathlength of 1 cm in the 96-well plates. The semicarbazide solution will form a semicarbazone 
product with any carbonyl-containing substrate, which is found in dehydration products but is 
also found in unreacted uronic acids. A blank plate containing only sugar substrates was created 
and tested alongside the reaction plate. Absorbance of semicarbazone products was detected at 
250 nm wavelength using a Tecan Plate reader and values for the blank plate were subtracted. 
Each enzyme showed complete turnover (100% conversion) in the presence of D-galacturonate. 
 
2.2.3.1. Synthesis of L-galacturonate 
Previous screening results indicated that both D-galacturonate and L-galacturonate were 
substrates for the GalurDs, although L-galacturonate showed only 25% completion whereas D-
galacturonate showed 100% completion. This was considered unlikely because these substrates 
are mirror images and are thus epimers at C2, C3, C4, and C5. To ensure that the L-galacturonate 
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was not contaminated with D-galacturonate, fresh L-galacturonate was chemically synthesized 
from D-galactose [11].  
 
In an Erlenmyer flask, 100 g of D-galactose, 100 mL of concentrated nitric acid and 100 mL of 
water were combined. The mixture was placed in a 22 ºC water bath and sealed with a stopper 
containing bent glass tube connected to a water trap to prevent air from gaining access to the 
reaction. After 24 hours, the solution was filtered through a sintered funnel. Approximately 30 
mL of solution was then neutralized using sodium bicarbonate and tested with pH paper. This 
solution was then recombined with the rest of the reaction. The entire solution was then 
neutralized with strontium carbonate to pH 5.2 as indicated with pH paper. The mixture was then 
filtered with filter paper to remove excess strontium salts and precipitates. The reaction was then 
stored in an Erlenmeyer flask for several days to allow for precipitation of the strontium L-
galacturonate precipitate. The dried salt was filtered and washed with ice water. Seven grams of 
the strontium L-galacturonate (approximately half of the yield) was then reacted with 52.2 mL of 
0.5 N H2SO4 and stirred. After mixing, 700 mL of 200 proof denatured alcohol was added and 
the solution was kept at 22 ºC for 24 hours. The solution was then filtered to remove excess 
reactant and starting material. The filtrate was concentrated to dryness and formed crystals.  
 
Polarimetry was performed to ensure correct optical rotation, and a 
1
H NMR spectrum was 
obtained to ensure purity. The synthesized compound was determined to be pure L-galacturonate 
and was incorporated into the sugar library. Upon testing for dehydratase activity, it was found 
that this compound was not utilized as a substrate by the GalurDs reported herein. 
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2.2.3.2. Synthesis of hydroxamate library 
To allow for crystallization, a hydroxamate library was constructed. Hydroxamates mimic the 
enolate intermediate and thus cannot be turned over by the enzyme, allowing for liganded crystal 
structures. This library consisted of the following hydroxamates: D-erythronohydroxamate, L-
erythronohydroxamate, D-threonohydroxamate, L-threonohydroxamate, D-ribonohydroxamate, 
L-ribonohydroxamate, D-arabinonohydroxmate, L-arabinonohydroxamate, D-
xylonohydroxmate, L-xylonohydroxamate, D-lyxonohydroxamate, L-lyxonohydroxamate, m-
ribarohydroxamate, D-arabinarohydroxamate (identical to L-lyxarohydroxamate), L-
arabinarohydroxamate (identical to D-lyxarohydroxamate), and m-xylarohydroxamate. These are 
named based on the acid-sugar used as the starting material. 
 
All hydroxamates were synthesized with the same general protocol: lactonization of the acid 
sugar, followed by incubation with hydroxylamine, and finally washing to remove unreacted 
hydroxylamine. Monoacid sugars used included the following: D-erythronate, L-erythronate, D-
threonate, L-threonate, D-ribonate, L-ribonate, D-arabinonate, L-arabinonate, D-xylonate, L-
xylonate, D-lyxonate, and L-lyxonate. Diacid sugars used as substrates included the following: 
m-ribarate, D-arabinarate (identical to L-lyxarate), L-arabinarate (identical to D-lyxarate), and m-
xylarate. Lactonization was achieved by heating 1 g of acid sugar with an excess of glacial acetic 
acid. The acid was then removed using rotary evaporation and the remaining solution was 
lyophilized for 16 hours and then placed under vacuum in a sealed dessicator containing DriRite 
dessicant for two days. A 
1
H NMR spectrum was obtained to ensure lactonization was complete. 
A 3-fold molar excess of hydroxylamine hydrochloride solution (Acros Organics) was added to 
the lactone and incubated at 22 ºC for at least 15 minutes. The excess hydroxylamine was 
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removed using rotary evaporation. The product was then washed twice with 10 to 15 mL of 
ddH2O and the solvent was removed rotary evaporation. The resulting hydroxamate was 
lyophilized for 16 hours to remove all remaining solvent. 
1
H NMR spectroscopy was used to 
confirm formation of the hydroxamate. 
 
2.2.4. Determination of kinetic constants 
Activity on D-galacturonate was measured using an end-point semicarbazide method described 
in section 2.2.3. Reactions were created by changing the concentration of D-galacturonate from 2 
to 160 mM at pH 8.1 while keeping the enzyme concentration constant at 1 µM. The reactions 
were quenched at intervals during a 50 minute time course. Blanks containing only D-
galacturonate were created using each concentration of D-galacturonate and quenched in the 
same manner as the reactions; these values were subtracted from the reactions. Assays were 
repeated at least three times. The kinetic constants were determined using EnzFitter plotting 
software. 
 
2.2.5. Proton NMR spectra on D-galacturonate 
1
H NMR spectra of the reaction products were obtained to confirm dehydration of D-
galacturonate. To perform these reactions, the enzyme was dialyzed into 20 mM potassium 
phosphate buffer at pH 7.9, 2 mM MgCl2, and 0.1 M NaCl to eliminate solvent peaks caused by 
HEPES and TRIS buffers. For reactions performed in deuterated solvent, all buffers and reagents 
described above were made in 99% D2O. All reactions were performed in 800 µL total volume. 
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2.2.5.1. End-point spectra in H2O and D2O 
The reaction was performed in H2O and contained 10 µM enzyme, 5 mM substrate, 2 mM 
MgCl2, and 20 mM potassium phosphate buffer at pH 7.9 for 16 hours. Completion of the 
reaction was confirmed using the semicarbazide method described in section 2.2.3. The enzyme 
was removed from the solution using an Amicon stirred cell and a 10kDa Millipore filter. The 
filtered product was lyophilized to dryness and resuspended in 800 µL of 99.99% D2O. 
 
For reactions performed in deuterated solvent, the enzyme was exchanged into 20 mM potassium 
phosphate buffer at pD 8.1 and 2 mM MgCl2 buffer in 99.99% D2O using a 10 mL Amicon 
stirred cell and a 10 kDa Millipore filter. To exchange the buffer, approximately 1 mL of 
protonated enzyme solution was diluted to 10 mL using the D2O phosphate buffer and then 
concentrated to 1 mL (10 fold dilution). This dilution and concentration was repeated three times 
to achieve a total of 10
3
-fold dilution. The reaction in deuterated solvent was then set up using 30 
µM enzyme, 5 mM substrate and 20 mM potassium phosphate at pD 8.1 and 5 mM MgCl2 buffer 
in 99.9% D2O and incubated at 22 ºC for 2 to 5 hours. No filtration or lyophilization was 
performed on these samples. 
 
2.2.5.2. Proton NMR time-course of reaction 
In addition to end-point NMR reactions, these enzymes were tested using a time-course NMR 
experiment to observe reaction progress. This was done using the reaction conditions for the 
deuterium solvent in section 2.2.5.1 except the enzyme was added immediately prior to insertion 
into the NMR probe. There was a ~1 minute delay from enzyme addition to the insertion of the 
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sample into the NMR instrument. An NMR spectrum comprised of 32 scans (4 seconds per 
transient) was then taken every 6 minutes for 90 minutes. 
 
2.2.5.3. 
1
H-
1
H COSY NMR spectra of 5-keto 4-deoxy galacturonate 
To ensure the correct identification of the product, 
1
H-
1
H correlated spectroscopy (COSY) NMR 
was performed on the product using 128 transients (4 seconds per transient) in each direction. 
The reaction was performed in H2O as described in section 2.2.5.1. The resulting 1D and 2D 
spectra were processed using NUTS NMR processing software. 
 
2.2.6. Enzymatic synthesis of 5-keto 4-deoxygalacturonate 
In order to test dehydrogenases for activity, a stock of the GalurD product was enzymatically 
synthesized using GalurD. For this reaction, any GalurD from the Microscilla cluster could be 
used. The reaction was performed in 1 to 10 mL total volume in a 15 mL conical tube containing 
30 µM GalurD enzyme, 50 mM D-galacturonate at pH 7.9, 50 mM HEPES pH 7.9, and 5 mM 
MgCl2. Reaction completion was determined using semicarbazide solution (section 2.2.3.) as 
well as 
1
H NMR spectroscopy (section 2.2.5.1). 
 
2.2.7. Activity assays for genome-proximal dehydrogenases 
Each dehydrogenase (gene locus MS141, UniProt Q93P90; gene locus MS142, UniProt Q93P89; 
and gene locus MS143, UniProt Q93P88) was assayed for activity on hypothesized substrates. 
Substrates tested were based on the proposed pathway (Figure 2.2B) and include D-
galacturonate, 5-keto-4-deoxy-galacturonate, 2-keto-3-deoxy L-galactonate, and 2-keto-3-deoxy 
D-gluconate. In addition, each possible cofactor was tested on each of the substrates: NADH, 
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NAD
+
, NADPH, or NADP
+
. Reaction conditions contained 50 mM HEPES pH 7.9, 10 mM 
MgCl2, 0.16 mM cofactor, 10 mM substrate and 3 µM enzyme.  
 
For reactions containing NADH or NADPH, reaction progress was monitored over 20 minutes 
by change of absorbance at 340 nm using a Perkin Elmer Lambda 2S UV/Vis spectrophotometer. 
Reactions containing NAD
+
 or NADP
+
 were performed in a coupled assay discussed in section 
2.2.7.1. 
 
2.2.7.1. Coupled assays with diaphorase 
For reactions containing NAD
+
 or NADP
+
, a diaphorase coupled assay was used to determine 
turnover. In these assays, the dehydrogenase will use NAD
+
 to form NADH, which will be 
consumed by diaphorase to reduce iodonitrotetrazolium dye (INT), re-forming NAD
+
. The 
reduced form of INT has a characteristic absorbance at 500 nm which was monitored using a 
Perkin Elmer Lambda 2S UV/Vis spectrophotometer (ε = 11000 M-1cm-1). This method used an 
excess of diaphorase and a limiting amount of dehydrogenase to ensure the calculated turnover 
was based solely on the dehydrogenase activity on the substrate. The reactions contained 50 mM 
HEPES pH 7.9, 10 mM MgCl2, 5 units of diaphorase (Worthington Biochemical Corporation), 
0.16 mM INT, 10 mM substrate and 0.16 mM NAD
+
 or NADP
+
. The reactions were started by 
addition of 3 µM enzyme after 2 minutes of monitoring 500 nm to ensure any change in 
absorbance was due to enzymatic activity. 
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2.2.7.2. Proton NMR assays of dehydrogenases 
In addition to observing reaction progress using UV spectroscopy, 
1
H NMR spectroscopy was 
also used to observe product formation. Reactions were then set up using 2 mM cofactor (NAD
+
, 
NADH, NADP
+
, or NADPH), 2 mM substrate, 10 µM enzyme, 50 mM potassium phosphate 
buffer at pH 7.9 and 2 mM MgCl2 and incubated at 22 ºC for 16 hours. The reactions were then 
lyophilized to dryness and resuspended in 99.9% D2O. No activity was observed under these 
conditions. 
 
2.3. Results 
Initial screening of GalurDs from the Microscilla group against a library of acid-sugars (Figure 
2.5) indicated that this enzyme catalyzes the dehydration of D-galacturonic acid as well as L-
galacturonate (approximately 25% turnover). After synthesis of L-galacturonate from D-
galactose, these GalurDs no longer showed dehydration of L-galacturonate; this suggested that 
the previous L-galacturonate was partially contaminated with D-galacturonate. The contaminated 
stock was expunged from the library and replaced with pure L-galacturonate. 
 
After adding pure L-galacturonate to the library, D-galacturonate was the only substrate found to 
be utilized by the GalurDs. Other substrates with similar stereochemistry included in the library 
are D-galactonate (a monoacid sugar) and galactarate (a diacid sugar) as well as every 6-carbon 
uronic acid. In some enzymes that utilize D-galacturonic acid as a substrate, such as uronate 
isomerase [12] or uronate dehydrogenase [13, 14], D-glucuronate is also a substrate. The 
GalurDs reported here showed a high degree of substrate specificity.  
 
  
 
 
3
9 
 
Figure 2.5. Acid-sugar library used for screening for dehydratase activity. D-galacturonate, the substrate for the Microscilla GalurDs, 
is shown boxed. 
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2.3.1. Assignment of D-galacturonate dehydratase function 
The reaction of the Microscilla group members on D-galacturonate was confirmed through 
1
H 
NMR spectroscopy by obtaining a 
1
H-
1
H COSY NMR spectrum of the product, 5-keto 4-deoxy 
galacturonate (Figure 2.6). 5-Keto 4-deoxy galacturonate exists as a mixture of cyclic hemiacetal 
forms in solution which causes the appearance of multiple peaks for the protons at C1 and C4. 
Resonances were assigned as follows: aldehydic proton at C1 = 4.8 ppm with minor cyclic forms 
at 5.05 and 5.1 ppm; C2 proton: 3.19 ppm; C3 proton at 3.8 ppm; C4 protons at 1.8 ppm and 2.0 
ppm with cylic forms at 2.2 ppm, and 2.4 ppm. The C4 proS (1.8 ppm) and proR (2.0 ppm) 
protons can be assigned resonances based on their vicinal 
1
H-
1
H coupling to the C3 proton 
(Figure 2.6). 
Figure 2.6. COSY 
1
H-
1
H NMR spectrum of the GalurD product. Solvent peaks are shown 
dimmed in gray, peaks corresponding to the product 5-keto-4-deoxy galacturonate are colored 
according to the structure on the right. 
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Our initial 
1
H NMR results indicated that these enzymes are indeed D-galacturonate 
dehydratases that catalyze the dehydration of D-galacturonate to form 5-keto-4-deoxy 
galacturonate with substrate specificity. 
 
2.3.1.1. D-galacturonate as a substrate 
After confirmation that these enzymes were catalyzing dehydration of D-galacturonate, kinetic 
contstants were determined for each of the purified GalurDs using D-galacturonate as a substrate 
(Table 2.1). The kcat values were between 1 and 10 s
-1
 for each GalurD, which is reasonable for 
acid-sugar dehydratases, but the Km values were unusually high. For other acid-sugar 
dehydratases, Km values are closer to high micromolar but these are multi-millimolar. This high 
Km value can be explained when considering the behavior of D-galacturonate in solution. 
 
Table 2.1. Kinetic constants determined for GalurDs utilizing D-galacturonate as substrate. 
Organism kcat  
(s
-1
) 
Km observed
1
 
(mM) 
Km 
estimated
2
 
(mM) 
kcat/Km 
estimated
2
 
(M
-1
 s
-1
) 
Microscilla species PRE-1 6 ± 3 13 ± 7 0.13 ± 0.07 5 x 10
4
 
Saccharophagus degradans 2-40 6 ± 0.6 30 ± 20 0.30 ± 0.20 2 x 10
4
 
Streptomyces coelicolor A3(2) 0.8 ± 0.2 2.0 ± 0.7 0.020 ± 0.007 4 x 10
4
 
Pseudoalteromonas atlantica T6c 10 ± 3 40 ± 9 0.40 ± 0.09 2 x 10
4
 
1
 Observed Km is calculated based on the total amount of substrate in solution. 
2
 Estimated Km is calculated based on only 1% of the total substrate in solution is catalytically available to 
the enzyme 
 
 
Because of its aldehyde group at C1 (Figure 2.6), D-galacturonic acid exists mainly in cyclic 
pyranose and furanose forms in solution. A 
1
H NMR spectrum of D-galacturonate at pH 7.9 
shows the pyranose and furanose forms are clearly observed and the majority of the D-
galacturonate adopts the β-pyranose form (Figure 2.7). The linear form is undetectable in this 
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spectrum. Previous 
1
H NMR studies of sugars suggest that if the linear form is undetectable with 
NMR then less than of 1% of the sugar actually exists in the linear form [15, 16]. 
 
Figure 2.7. 
1
H NMR spectrum of D-galacturonic acid in solution at pH 7.9. Cyclic forms as 
represented by the anomeric proton are indicated with colored arrows. The linear form is 
undetectable because less than 1% of the D-galacturonate is in the linear form. 
 
We propose that the linear form is the only catalytically active form used by the GalurDs. In 
crystal structures of another enolase superfamily GalurD liganded with D-galacturonate, the D-
galacturonate is in the linear form (Figure 2.8). Taking into consideration that the observed Km 
values are calculated based on the total amount of substrate in solution, the Km values can then 
be adjusted according to the amount that is available for enzymatic turnover by multiplying the 
observed Km by 1% (Table 2.2). This adjusted value represents an estimation of the true Km for 
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these enzymes, because the exact amount of linear form is unable to be determined using the 
techniques available at this time. 
 
2.3.1.2. Mechanism 
The mechanism of action was determined using a combined NMR and structural approach. 
Unfortunately, there was no liganded structure for any Microscilla group GalurD. Furthermore, 
modeling was not possible because the N-terminal loops were not in the correct position. 
Luckily, the liganded structure of a GalurD (PDB-3qpe) from another group (discussed in 
Chapter 3) was able to be solved. Because the barrel domains of these structures are highly 
superimposable, it can be assumed that the binding of D-galacturonate in both enzymes will be 
similar (Figure 2.8).  
 
Figure 2.8. Superposition of an apo Microscilla group member GalurD (magenta) and a 
Geobacillus group GalurD (yellow) liganded with D-galacturonate (gray). The conserved Mg
2+
 
ions are shown as green spheres, metal binding residues are depicted in wire representation, and 
the proposed catalytic lysine and histidine are shown in stick representation. 
 
From this superimposed structure, we observe that the catalytic Mg
2+
 ion is coordinated to one of 
the oxygen molecules of the carboxylate group as well as the oxygen attached to the adjacent 
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carbon. The portion of the substrate that coordinates the Mg
2+
 is less mobile than the rest of the 
ligand, so it can be assumed that both GalurDs would bind D-galacturonate at the carboxylate 
and adjacent carbon in the same fashion. Because this portion of the molecule is where the 
chemistry will occur, we are able to utilize the liganded structure to predict that K168 will 
abstract the proton located alpha to the carboxylate in the first step of the mechanism (Figure 
2.9). An enolate intermediate would then be formed followed by dehydration facilitated by 
H299, which is located near the departing hydroxyl group. Acid-facilitated keto-enol 
tautomerization would then occur, but the identity of the acid was difficult to predict from the 
structure and required additional experiments. 
 
 
Figure 2.9. Proposed mechanism of Microscilla group GalurDs when the reaction is performed 
in D2O. 
 
1
H NMR studies were performed in H2O and D2O to elucidate the final step of the mechanism 
and uncover the general acid. When the reaction is performed in water, the enzyme and the 
substrate are both entirely protonated; however, when the reaction is performed in deuterated 
water, the enzyme and substrate will exchange each labile proton for deuterium. The alpha 
proton abstracted in the first step of the mechanism will not be exchanged for deuterium, but the 
amine protons on the catalytic K168 and H299 will be exchanged. The product 
1
H NMR 
spectrum for the reaction performed in H2O showed that only protons were incorporated, as 
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expected. When the reaction was performed in D2O, the proS proton peak of the product showed 
partial incorporation of deuterium (Figure 2.10). This implied that K168 initially abstracts a 
proton and later delivers it back to the substrate. There would be only deuterium atoms on the 
lysine amine group when the reaction is performed in D2O; after K168 abstracts a proton from 
the substrate, there would be two deuterium atoms and one proton on the amine group of the 
lysine. If K168 was also the general acid for tautomerization, then statistically a proton would be 
delivered one out of three times to the substrate, resulting in peak intensity of one third of that 
when the reaction is performed in H2O. 
 
 
Figure 2.10. Partial 
1
H NMR spectrum depicting the region from 1.54 ppm to 2.5 ppm where 
resonances assigned to the deoxy portion of the dehydrated product will be found. (A) Reaction 
performed in H2O. (B) Reaction performed in D2O. 
 
To preclude the possibility of contamination by a reagent with resonances around 1.8 ppm, an 
arrayed NMR experiment was performed. The disappearance of substrate peaks corresponds with 
the appearance of product peaks, and the appearance of the triplet at 1.8 at one-third of the 
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expected protonated intensity was observed (Figure 2.11). These findings are consistent with the 
proposed mechanism. 
 
 
 
Figure 2.11. Arrayed 
1
H NMR spectra of the reaction of Microscilla group GalurD and D-
galacturonate performed in D2O at pD 8.1. 
 
2.3.2. Identification of orthologous enzymes and their genome proximal-encoded enzymes 
Orthologous proteins share sequence identity and also catalyze the same reactions. In order to 
determine if the enzymes in the Microscilla cluster are indeed orthologous, the GalurDs were 
purified and tested for activity alongside the GalurD from S. coelicolor. All showed identical 
activities, and were thus determined to be orthologs. 
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Dehydrogenases from the surrounding genome contexts of these GalurDs (Figure 2.2) were also 
purified and tested for activity in the hopes that a pathway for D-galacturonate metabolism in 
these organisms would become apparent. 
 
2.3.2.1. Microscilla sp. PRE1 
Microscilla sp. PRE1 GalurD (gene locus MS144, UniProt Q93P87) was found to catalyze the 
dehydration of D-galacturonic acid by screening with a library of 77 acid-sugars. This GalurD is 
followed by three downstream dehydrogenase genes encoding an aldehyde dehydrogenase (gene 
locus MS143, UniProt AC Q93P88), and alcohol dehydrogenase (gene locus MS141, UniProt 
AC Q93P90) and a 2-keto-3-deoxy gluconate dehydrogenase (MS142, UniProt Q93P89). These 
dehydrogenases were purified and individually tested against proposed pathway intermediates 
(Figure 2.4) using NAD
+
, NADH, NADP
+
, or NADPH.  
 
The first intermediate tested was the product of GalurD, 5-keto 4-deoxygalacturonate, as well as 
D-galacturonate to ensure substrate specificity. The only observed activity was for the 2-keto-3-
deoxygluconate dehydratase (KduD) with the cofactor NADPH. The use of NADPH in cells is 
almost exclusively for anabolism rather than catabolism, so this result was unexpected. 
Furthermore, this dehydrogenase was hypothesized to act in the final step of the proposed 
pathway rather than the first step (Figure 2.4). Additionally, the low kcat/Km value of 40 M
-1
s
-1
 
suggests that this reaction is not the physiological function for this dehydrogenase. 
Unfortunately, neither of the other two dehydrogenases from this gene cluster showed an 
observable reaction on 5-keto 4-deoxygalacturonate under these conditions (Table 2.2). 
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When the next two dehydrogenases were combined with the product of KduD and NAD
+
, no 
reaction was observed via 
1
H NMR. 
Table 2.2. Attempted reactions on 5-keto-4-deoxy galacturonate by the dehydrogenases from 
Microscilla sp. PRE-1 and Saccarophagus degradans 2-40 using different cofactors. ‘N’, no 
activity observed; KduD, 2-keto-3-deoxygluconate dehydratase; DH, dehydrogenase. 
Dehydrogenase 
gene locus 
Annotation NADPH NADH NAD
+
 NADP
+
 
MS142 KduD kcat/Km = 
40 M
-1
s
-1
 
N N N 
Sde_2646 KduD N N N N 
MS141 Alcohol DH N N N N 
Sde_2645 Alcohol DH N N N N 
MS143 Aldehyde DH N N N N 
 
2.3.2.2. Saccarophagus degradans 2-40 
Two of the three dehydrogenases from Saccarophagus degradans were able to be purified; the 
third was insoluble. One dehydrogenase (gene locus Sde_2646, UniProt Q21HC3), showed 
homology to the KduD from Microscilla MS142. The second purified dehydrogenase (gene 
locus Sde_2645, UniProt Q21HC2), showed homology with the alcohol dehydrogenase MS141. 
Both were tested under the same conditions for activity on 5-keto 4-deoxy galacturonate, but no 
activity was observed (Table 2.2). 
 
The KduD from S. degradans showed 74% sequence identity with the KduD from Microscilla, 
but did not catalyze a reaction on 5-keto-4-deoxy-galacturonate. The high degree of sequence 
identity between these two enzymes suggests that the activity observed for the Microscilla KduD 
on 5-keto 4-deoxy galacturonate is likely a promiscuous activity rather than a physiological 
function. 
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The dehydrogenases tested were not able to act on the product of the GalurD reaction. This 
observation led us to reject our proposed pathway (Figure 2.4) and conclude that the 
dehydrogenases likely did not play a role in the degradation of D-galacturonate through GalurD. 
 
2.4. Conclusion 
Through screening results, kinetic constants and 
1
H NMR spectra, we have successfully 
identified a new function in the enolase superfamily: the dehydration of D-galacturonate to form 
5-keto-4-deoxy galacturonate. This is a novel function in the degradation of D-galacturonate. 
 
This cluster of homologous enzymes share catalytic residues and capping domain residues, 
allowing this functional assignment to extend to all sixty members of the Microscilla cluster. The 
mechanism of this group of enzymes was determined using structural studies as well as 
1
H NMR. 
The general base that initially abstracts the alpha proton was identified as K168, then H299 
facilitates dehydration, and K168 acts as the general acid during the keto-enol tautomerization to 
form the final product 5-keto-4-deoxy galacturonate. These enzymes act with substrate 
specificity and stereoselectivity. The kinetic constants for these enzymes are reasonable for acid-
sugar dehydratases, with kcat/Km values on the order of 10
4
 M
-1
s
-1
. 
 
Despite our best efforts, we were unable to identify proteins encoded near to the Microscilla 
group GalurDs that would act in a pathway for D-galacturonate degradation. The expression 
profiles of the nearby dehydrogenases should be investigated to better understand their 
physiological role. Additionally, because many organisms which encode these GalurDs have the 
ability to grow on agar, it is possible that GalurD acts in the degradation pathway of agar; 
  
50 
 
notably, the Microscilla sp. PRE-1 GalurD is encoded on its agar-degradation plasmid. However, 
additional experiments are necessary to confirm this hypothesis. 
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CHAPTER 3: IDENTIFICATION OF D-GALACTURONATE 
DEHYDRATASES FROM GEOBACILLUS SPECIES Y412MC10 AND 
PAENIBACILLUS SPECIES JDR-2 
3.1. Identification of D-galacturonate dehydratase activity using high-throughput screening 
As described in Chapters 1 and 2, D-galacturonate is a major component of the plant cell wall 
polymer pectin. Previously identified pathways for D-galacturonate metabolism include the 
isomerase pathway, the reductive pathway, and the oxidative pathway (Figure 1.4). In Chapter 2, 
a new function in D-galacturonate metabolism was uncovered: the dehydration of D-
galacturonate to form 5-keto 4-deoxy galacturonate by a group of enzymes known as the 
Microscilla group of D-galacturonate dehydratases (GalurDs). These enzymes are members of 
the enolase superfamily and belong to the Mandelate Racemase (MR) subgroup of acid-sugar 
dehydratases. 
 
After the identification of the Microscilla group of GalurDs, sugar library screening of a 
distantly related enzyme (PDB-3n4f) revealed dehydration activity on D-galacturonate as well. 
This enzyme from Geobacillus species Y412MC10 (Geobacillus GalurD, UniProt D3EID5, 
locus tag GYMC10_3367) shares less than 25% sequence identity with the Microscilla group 
GalurDs and has different structural features. These two groups of enzymes exist in separate 
clusters in a representative node (proteins sharing ≥95% identity are grouped as a single node) 
sequence similarity network at a BLAST cutoff value of 10
-85
 (Figure 3.1). The enzymes that 
cluster with the Geobacillus enzyme, including one homolog from Paenibacillus species JDR-2 
(Paenibacillus GalurD, UniProt C6CRE8, locus tag Pjdr2_0551), were referred to as the 
Geobacillus group (Figure 3.1, blue) to differentiate between the previously discovered enzymes 
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from Microscilla group (Figure 3.1, red). The members of the Geobacillus group were further 
investigated and compared to the Microscilla group in order to uncover insights into the role of 
these enzymes. 
 
Figure 3.1. Sequence similarity representative node (95% identity) network of the enolase 
superfamily excluding the enolase subgroup at a BLAST e-value cutoff of 10
-85
. The Microscilla 
group of GalurDs is indicated by a red circle; the Geobacillus group of GalurDs is indicated by a 
blue circle. Gray represents unknown functions, other colors represent characterized functions: 
muconate lactonizing enzyme subgroup, dark gray; D-arabinonate dehydratase, sky blue; D-
galactonate dehydratase, hot pink; D-galacturonate dehydratase, orange; D-tartrate dehydratase, 
violet; L-lyxonate dehydratase, forest green; L-fuconate dehydratase, olive; L-talarate/galactarate 
dehydratase, red; galactarate dehydratase-ii, light pink; galactarate dehydratase-iii, lime green; 
glucarate dehydratase, bright blue; mandelate racemase, magenta; mannonate dehydratase, pink; 
rhamnonate dehydratase, dark green. 
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3.1.1. Crystal structure PDB-3n4f shows two magnesium ions in the active site 
The two groups of GalurDs show the typical enolase superfamily barrel and capping domains, as 
expected. The most obvious structural difference between the two groups is that the Geobacillus 
GalurD contains a second Mg
2+
 ion near the active site (Figure 3.2). A second Mg
2+
 ion is not 
found in other acid-sugar dehydratases from the MR subgroup [1-7]. 
 
 
Figure 3.2. Superposition of Microscilla group GalurD (magenta) and Geobacillus group GalurD 
(yellow). Mg
2+
 ions are shown as spheres in corresponding ribbon color. 
 
Only one other acid-sugar dehydratase from the enolase superfamily, galactarate dehydratase-II 
(GalrD-II) from the GalrD-II subgroup, contains a second Mg
2+
 that is used to coordinate its 
diacid substrate, m-galactarate [8]. GalrD-II was not reported to use D-galacturonate as a 
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substrate. Several diacid sugars including m-galactarate were included in the screening sugar 
library (Figure 2.5), and none were substrates for either group of GalurDs. Furthermore, the 
active sites for GalrD-II and Geobacillus GalurD contain dissimilar catalytic residues and the 
Mg
2+
 ions are coordinated to different regions of the barrel: the second Mg
2+
 in GalrD-II is 
located near the eighth beta strand, but the second Mg
2+
 in Geobacillus GalurD is located near 
the fourth beta strand on the opposite side of the barrel (Figure 3.3). In the GalrD-II structure 
both Mg
2+
 ions are coordinated to the diacid substrate—one to each carboxylate group of m-
galactarate [8]. It was hypothesized that because the catalytic residues and substrate binding 
residues are different, the second Mg
2+
 ion in the Geobacillus GalurD could be used to 
coordinate the substrate in a different orientation than observed in GalrD-II. Mutants were 
designed to eliminate the second Mg
2+
 from the Geobacillus GalurD to investigate its role in 
substrate binding and catalysis. 
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Figure 3.3. Crystal structure of the Geobacillus group apo enzyme (PDB-3n4f, gray), 
superimposed with the GalrD-II structure (PDB-2oqy, purple). Mg
2+
 ions for Geobacillus 
GalurD are green spheres, and Mg
2+
 ions for GalrD-II ions are yellow spheres. Both structures 
show the canonical Mg
2+
 ion (center) and different locations for the second magnesium: near the 
capping domain for GalrD-II (top), and near the fourth beta strand of the barrel domain for 
Geobacillus GalurD (bottom). 
 
3.1.2. Genome neighborhood context of Geobacillus GalurD 
Neither the Geobacillus group nor the Microscilla group provided an informative genome 
neighborhood context to assist prediction of a possible pathway. Although the Microscilla 
GalurDs genome neighborhood context contains three dehydrogenases (Section 2.2.3.1), no 
functions could be determined for these dehydrogenases; thus, this genome context provides no 
insight into how D-galacturonate is metabolized in members of the Microscilla group. The 
Geobacillus GalurD genome neighborhood context does not contain annotated gene products 
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that could provide clues for metabolism. The Geobacillus GalurD gene (locus tag 
GYMC10_3367) is surrounded by hypothetical proteins with unannotated gene products (Figure 
3.4). Both the Geobacillus and Paenibacillus genomes encode only two proteins that have an 
annotated function in the genomic region of GalurD: AraC, which encodes a transcription factor 
involved in arabinose degradation, and HxlR, which encodes a regulator involved in ribulose 
metabolism. The genomic neighborhood of the Paenibacillus GalurD (locus Pjdr2_0551) also 
contains a gene that encodes for DinB, a DNA polymerase is involved in mutagenesis in E. coli 
and would not be involved in the degradation of D-galacturonate. Thus, we were unable to 
predict a pathway for metabolism of D-galacturonate in Geobacillus group members. 
 
Figure 3.4. Genome neighborhood context of Geobacillus group GalurDs. Grey indicates the 
gene encodes a hypothetical or uncharacterized protein. The gene encoding the GalurD is colored 
red and labeled GalurD. 
 
Elsewhere in the genome, the Geobacillus encodes a pectate lyase that could be excreted to allow 
the bacterium to grow on pectin as a carbon source [9]. None of the Microscilla GalurDs encode 
pectate lyases; rather, the Microscilla GalurDs are from organisms known to grow on agar and 
encode agar degrading enzymes. This difference in carbon source utilization could account for 
  
58 
 
the emergence of evolutionarily convergent functions based on different metabolic pathways, but 
further investigations would be needed to confirm this hypothesis. 
 
3.1.3. Sequences differ from previously discovered GalurDs 
The Geobacillus group of GalurDs reported herein shares less than 25% sequence identity with 
the Microscilla group of GalurDs described in Chapter 2. Both groups are members of the MR 
subgroup and share a KxK motif at the end of the second β-strand; canonical metal binding 
residues Asp, Glu, and Glu at the ends of the third, fourth, and fifth β-strands, respectively, and 
the presence of a His/Asp dyad at the ends of the seventh and sixth β-strands, respectively. 
 
Sequence alignments show that the catalytic residues are conserved but do not align between the 
groups. The Microscilla group lacks the residues used to bind the second Mg
2+
 ion found in the 
Geobacillus group GalurDs: Glu 234, Glu 238, and Asp 261 (numbering from Geobacillus 
GalurD) (Figure 3.5).  
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Figure 3.5. Partial sequence alignment of Microscilla group GalurDs and Geobacillus group GalurDs. Underlined UniProt AC 
numbers indicate members that were tested for activity: Q93P87, Microscilla GalurD; Q21HC1, Saccarophagus degradans GalurD; 
Q9RKF7, Streptomyces coelicolor GalurD; Q15SS2, Pseudoalteromonas atlantica GalurD; D3EID5, Geobacillus GalurD; C6CRE8, 
Paenibacillus GalurD. Light gray highlight indicates catalytic residues; dark gray highlight indicates canonical-Mg
2+
 binding residues; 
black highlight indicates second-Mg
2+
 binding residues. 
UniProt Group % ID
Q93P87 Microscilla 100 … Y L D K G F N A V K I K I … V D A … F E E P P T I P D … G E N L H … D A … S H G …
Q21HC1 Microscilla 59 … Y L D A G F N A V K I K V … V D A … F E E P P T L P D … G E N L H … D A … S H G …
Q9RKF7 Microscilla 40 … F L A G G F R A I K M K V … V D A … I E E P P T I P D … G E N L H … D V … S H G …
Q15SS2 Microscilla 57 … Y L D C G F E A V K I K V … V D A … F E E P P T I P D … G E N L H … D A … S H G …
H0SDH6 Microscilla 40 … N L A R G F R A I K M K V … A D A … L E E P P T I P D … G E N L R … D V … S H G …
A4YJB9 Microscilla 39 … N L A R G F R A I K M K V … A D A … L E E P P T I P D … G E N L R … D V … S H G …
H0T735 Microscilla 40 … N L A R G F R A I K M K V … A D A … L E E P P T I P D … G E N L R … D V … S H G …
H0RUE1 Microscilla 40 … N L A R G F R A I K M K V … A D A … L E E P P T I P D … G E N L R … D V … S H G …
M4YZY6 Microscilla 40 … N L A K G F R A I K M K V … A D A … L E E P P T I P D … G E N L R … D V … S H G …
A5E838 Microscilla 40 … N L A K G F R A I K M K V … A D A … L E E P P I I P D … G E N L R … D V … S H G …
G7D5R2 Microscilla 41 … N L A K G F R A I K M K V … A D A … L E E P P V I P D … G E N L R … D V … S H G …
J3I2Z1 Microscilla 41 … N L A K G F R A I K M K V … A D A … L E E P P V I P D … G E N L R … D V … S H G …
I0GCK5 Microscilla 42 … N L A K G F R A I K M K V … A D A … L E E P P V I P D … G E N L R … D V … S H G …
H5YKZ4 Microscilla 41 … N L A K G F R A I K M K A … V D A … L E E P P I I P D … G E N L R … D V … S H G …
I2QDD7 Microscilla 41 … N L A K G F R A I K M K A … V D A … L E E P P V I P D … G E N L R … D V … S H G …
I4YNY9 Microscilla 40 … N L G K G F R A I K M K V … A D A … L E E P P T I P D … G E N L R … D V … S H G …
D3EID5 Geobacillus 16 … F K I K V G R G G R H M P … I D A … L E E A A F H E D … A D G E G … Y D … P H C …
C6CRE8 Geobacillus 11 … F K I K V G R G G R H M P … I D A … I E E A A F H E D … A D G E G … Y D … P H C …
F3MII9 Geobacillus 15 … F K I K V G R G G R H M P … I D A … L E E A A F H E D … A D G E G … Y D … P H C …
G4HBU9 Geobacillus 14 … F K I K V G R G G R H M P … I D A … V E E A A F H E D … A D G E G … Y D … P H C …
L0ECL1 Geobacillus 14 … F K I K V G R G A R W M D … I D A … V E E A A F H E D … A D G E G … Y D … P H S …
S0FFD2 Geobacillus 13 … F K V K I G R C G M W M D … V D A … L E E A A F H E D … A D G E G … Y D … P H N …
R9L7A5 Geobacillus 17 … F K I K V G R G A M H M D … I D A … I E E A A F H E D … T D G E G … Y D … P H H …
4th3rd2nd 5th 6th 7th
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3.2. Materials and methods 
The Geobacillus group GalurDs from Geobacillus species Y412MC10 (UniProt D3EID5) and 
Paenibacillus species JDR-2 (UniProt C6CRE8) were investigated using the following methods. 
 
3.2.1. Cloning and generation of mutants to eliminate binding of the second Mg
2+
 
Geobacillus sp. Y412MC10 GalurD (locus tag GYMC10_3367, UniProt Accession D3EID5) 
and Paenibacillus sp. JDR-2 GalurD (locus tag Pjdr2_0551, UniProt Accession C6CRE8) were 
obtained from SGX Pharmaceuticals. These genes were cloned into pSGX3 vectors containing 6 
C-terminal His residues. 
 
Single overlap extension was used to generate mutants of the residues that coordinate the second 
magnesium found in the Geobacillus GalurD enzyme. PCR reactions consisted of 10 ng of the 
gene encoding the Geobacillus GalurD enzyme (gene locus GYMC10_3367) in pSGX3 vector, 
10 µL of 5x HF buffer, 2 mM dNTPs, 40 pmol of each primer (Table 3.1), 1 unit of Phusion 
DNA polymerase (NEB), and 3% DMSO to a final volume of 50 µL. The 5’ megaprimer was 
constructed from a T7pro primer and an antisense primer encoding the mutation; the 3’ 
megaprimer was created using T7term primer and a sense primer encoding the mutation. The 
PCR program used to generate the megaprimers consisted of the following: 98 ºC for 4 minutes; 
followed by 35 cycles of 98 ºC for 20 sec, 55 ºC for 20 sec, 72 ºC for 30 sec; finally, elongation 
at 72 ºC for 7 minutes. Resulting megaprimers were then purified by 1% agarose gel 
electrophoresis and gel extraction (Qiagen). The second PCR reaction to generate the extended 
mutant gene was prepared using 40 ng of T7term and T7pro primers, 10 µL of 5x HF buffer, 2 
mM dNTPs, 40 pmol of each megaprimer, 1 unit of Phusion DNA polymerase (NEB), and 3% 
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DMSO to a final volume of 50 µL. The same PCR program was used for the second reaction. 
The resulting PCR product was purified using gel extraction. The mutant gene was then digested 
with 20 units each of XhoI and XbaI in NEB React 4 buffer overnight at 37 ºC and subcloned 
back into pSGX3 digested with the same enzymes. Mutations were confirmed using forward and 
reverse DNA sequencing. 
 
Table 3.1. Mutant primer sequences for Geobacillus GalurD second Mg
2+
 binding residues. 
Primer 
name 
  sequence 
  
E234A for 5' CTTCATCCTCATGAAACGCTGCTTCCAGCCAATACAGATTC 3' 
E234A rev 5' GAATCTGTATTGGCTGGAAGCAGCGTTTCATGAGGATGAAG 3' 
E238A for 5' CTCGTACAAGGCTTCATCCGCATGAAACGCTTCTTCCAG 3' 
E238A rev 5' CTGGAAGAAGCGTTTCATGCGGATGAAGCCTTGTACGAG 3' 
D261A for 5' CAAGCCCTTCCCCAGCCGCGATAAGCAC 3' 
D261A rev 5' GTGCTTATCGCGGCTGGGGAAGGGCTTG 3' 
 
3.2.2. Wild-type and E234A mutant protein expression and purification 
Proteins were expressed in 4L of E. coli BL21 (DE3) cells. Cells were grown at 37 °C with 
shaking at 220 RPM for 24 hours in LB broth (supplemented with 50 µg/mL kanamycin). 
Expression was induced with 1 mM IPTG when OD600 = 0.5. 
 
Of the mutants attempted in section 3.2.1., only the E234A mutant was soluble for protein 
purification. The E234A mutant protein was expressed in E. coli BL21 (DE3) cells as described 
in section 3.2.1. 
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3.2.3. Screening against a library of acid sugars 
The wild-type Geobacillus GalurD was screened against a library of 77 acid sugars as described 
in section 2.2.3.  
 
3.2.4. 
1
H NMR spectra of reaction in H2O and D2O 
1
H NMR spectra were recorded using a Varian Unity Inova 500NB MHz NMR spectrometer 
unless otherwise indicated. Reactions were set up and 
1
H NMR spectra were obtained as 
described in section 2.2.5.1. 
 
3.3. Results 
Geobacillus GalurD and Paenibacillus GalurD were independently identified from the 
Microscilla group of GalurDs discussed in Chapter 2. Both the Geobacillus and the Microscilla 
groups perform the same GalurD function despite sharing less than 25% sequence identity: the 
dehydration of D-galacturonate to form 5-keto-4-deoxy galacturonate.  
 
3.3.1. Determination of kinetic constants and identification of an ortholog from 
Paenibacillus species JDR-2 
A homologous enzyme from the Geobacillus group that shared approximately 80% identity was 
assayed to determine if this homolog was also a D-galacturonate dehydratase. This enzyme 
originates from Paenibacillus sp. JDR-2 (UniProt C6CRE8). Upon screening against the sugar 
library, it was found that this homolog dehydrates D-galacturonate.  
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Determination of kinetic constants was performed using an end-point semicarbazide method 
described in section 2.2.4. Because D-galacturonate contains an aldehyde that reacts with 
semicarbazide solution, blanks were constructed without enzyme for each substrate 
concentration and quenched at each time point. A detailed explanation of Km observed values and 
Km estimated values is provided in section 2.3.1.1. Briefly, because 99% of D-galacturonate exists in 
a cyclic form in solution and the enzyme only catalyzes dehydration of the linear form, the Km 
estimated value is calculated based on the amount of catalytically active substrate from Km observed. 
For the Geobacillus GalurD, kcat = 0.6 ± 0.2 s
-1
, Km observed = 2.0 ± 0.7 mM, Km estimated = 0.020 ± 
0.007 mM, and kcat/Km estimated = 3 x 10
4
 M
-1
s
-1
. For the Paenibacillus GalurD ortholog, kcat = 0.8 
± 0.2 s
-1
, Km observed = 1.7 ± 0.8 mM, Km estimated = 0.017 ± 0.008 mM, and kcat/Km estimated = 5 x 10
4
 
M
-1
s
-1
 (Table 3.2). The kinetic constants for these members of the Geobacillus group of GalurDs 
show similar values within this group, and the catalytic efficiency is on the same order as those 
found in the Microscilla group (Table 3.2).  
 
Table 3.2. Kinetic constants of GalurDs from the Geobacillus group and Microscilla group. 
Group 
UniProt 
AC 
kcat  
(s
-1
) 
Km 
observed
1
 (mM) 
Km 
estimated
2
 
(mM) 
kcat/Km 
estimated
2
 
(M
-1
 s
-1
) 
Geobacillus D3EID5 0.6 ± 0.2 2.0 ± 0.7 0.020 ± 0.007 3 x 10
4
 
Geobacillus C6CRE8 0.8 ± 0.2 1.7 ± 0.8 0.017 ± 0.008 5 x 10
4
 
Microscilla Q93P87 6 ± 3 13 ± 7 0.13 ± 0.07 5 x 10
4
 
Microscilla Q21HC1 6 ± 0.6 30 ± 20 0.30 ± 0.20 2 x 10
4
 
Microscilla Q9RKF7 0.8 ± 0.2 2.0 ± 0.7 0.020 ± 0.007 4 x 10
4
 
Microscilla Q15SS2 10 ± 3 40 ± 9 0.40 ± 0.09 2 x 10
4
 
1
 Observed values indicate those values determined directly from the assay. 
2
 Estimated values are adjusted assuming only 1% of the substrate is in the catalytically 
competent linear form [10, 11]. 
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3.3.1.1. Sequence similarity network 
The Paenibacillus GalurD and the Geobacillus GalurD populate a single cluster in a 
representative sequence (sequences sharing ≥95% identity are grouped into the same node) 
similarity network with a BLAST cutoff value of 10
-85
. These enzymes cluster with seven other 
protein sequences (Figure 3.1) for a total of nine members in the cluster. The members of this 
cluster share a high degree of sequence identity (greater than 60%). 
 
3.3.1.2. Sequence alignment with Geobacillus GalurD 
A sequence alignment of the Geobacillus GalurD and the Paenibacillus GalurD showed that 
both enzymes have conserved active site residues and magnesium-binding residues for both the 
canonical Mg
2+
 and the second Mg
2+
 (Figure 3.5). Although there is no crystal structure of the 
Paenibacillus GalurD for direct comparison, it is likely that both of these orthologs would 
contain two Mg
2+
 due to the high degree of similarity in the primary structure. 
 
Other members of this cluster share catalytic residues as well as the residues used to coordinate 
the second Mg
2+
 ion (Figure 3.5). From the conservation of catalytic residues as well as the 
direct evidence from the enzymes from Geobacillus GalurD and Paenibacillus GalurD, it is 
likely that all members of this cluster perform the dehydration of D-galacturonate. 
 
3.3.2. Role of the second magnesium ion 
The crystal structure of the Geobacillus dehydratase (PDB-3n4f) revealed a second Mg
2+
 
coordinated to a unique binding pocket near the 4
th
 β-strand that is not found in the Microscilla 
group of GalurDs. Surface representation of this structure reveals that the second Mg
2+
, located 
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near the end of the fourth β-strand in the barrel domain, is near the surface of the protein. Gel 
filtration revealed that the Geobacillus GalurD is a monomer in solution, so the second Mg
2+
 
binding pocket will likely be exposed to solvent (Figure 3.6). The second Mg
2+
 could bind as a 
by-product of exposure to high Mg
2+
 concentrations in the crystallization buffer or could be 
necessary for the enzyme’s function. The role of the second Mg2+ ion was investigated. 
 
 
Figure 3.6. Surface representation of apo Geobacillus GalurD (PDB-3n4f). 
 
3.3.2.1. Crystal structure of wild-type with D-galacturonate bound (PDB-3qpe) 
To determine if the second Mg
2+
 could be used to coordinate the substrate, a liganded structure 
of the Geobacillus GalurD was required. Crystals were soaked with D-galacturonate yielding a 
liganded structure (PDB-3qpe). As observed in other members of the MR subgroup, the D-
galacturonate coordinates to the catalytic Mg
2+
 ion through one oxygen of the carboxylate group 
and the hydroxyl on the carbon located alpha to the carboxylate group. Interestingly, the crystal 
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structure of the GalurD from Geobacillus shows no coordination of the substrate to the second 
Mg
2+
 ion (Figure 3.7), unlike the GalrD-II in which both magnesium ions are coordinated to the 
diacid substrate [8]. 
 
The residues used to coordinate the substrate in the active site are found on both the N-terminal 
capping domain and the barrel domain. H39 from the capping domain forms a hydrogen bond to 
the oxygen of the hydroxyl group at C2. The C3 oxygen from the hydroxyl moiety forms 
hydrogen-bonds with N33 from the capping domain as well as Y136 from the barrel domain. The 
C4 hydroxyl oxygen forms a hydrogen bond with the catalytic residue H336. The C5 hydroxyl 
oxygen forms hydrogen-bonds with both N209 and the metal-binding residue E263. K168 from 
the KxK catalytic motif at the end of the second β-strand forms a hydrogen bond to one of the 
oxygens of the C6 carboxylate (Figure 3.7). 
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Figure 3.7. Crystal structure of Geobacillus GalurD liganded with D-galacturonate. A Fisher 
projection of D-galacturonate is shown to the right coordinated to Mg
2+
 as observed in the active 
site. Hydrogen bonds are depicted as solid black lines between atoms. Mg
2+
 ions are depicted as 
spheres. D-Galacturonate is colored magenta and depicted as ball-and-stick. Catalytic residues 
are colored orange, canonical metal-binding residues are colored green, second metal-binding 
residues are colored red. 
 
3.3.2.2. Crystal structure of E234A variant PDB-3v5c 
The E234A mutant was constructed to eliminate the binding of the second Mg
2+
 ion. When the 
E234A mutant was assayed for GalurD activity, no dehydration of D-galacturonate was 
observed. However, the resulting structure revealed the catalytic Mg
2+
 was absent and the second 
Mg
2+
 was present (Figure 3.8). The resulting structure showed E273, which typically coordinates 
the catalytic Mg
2+
, is the only perturbed residue, and the catalytic residues (the KxK motif of 
K168 and K170 and the H/D dyad composed of H311 and D336) all superimpose well with the 
wild-type structure shown in gray. Combined with the fact that the second Mg
2+
 would be 
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exposed to solvent and could bind to the active site serendipitously, these observations strongly 
suggest that the second Mg
2+
 plays no significant role in the function. 
 
 
Figure 3.8. Crystal structure of the Geobacillus GalurD wild-type enzyme liganded with D-
galacturonate (PDB-3qpe, gray), superimposed with the E234A mutant (PDB-3v5c, magenta). 
Magnesium ions for each structure are spheres shown in the same color as the ribbon. The 
E234A mutation eliminates one of the metal binding residues and caused the catalytic Mg
2+
 ion 
(center) to be removed from the active site. The second magnesium ion (magenta, bottom) is 
unaffected by the E234A mutation. 
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3.3.3. Proposed mechanism of dehydration 
From the crystal structure of the Geobacillus GalurD liganded with D-galacturonate (Figure 3.8), 
we were able to determine that K170 acts as the general base to abstract the proton because this 
residue is the near to the alpha proton (Figure 3.9). After proton abstraction, H311 will then act 
as a general acid to facilitate dehydration because this residue is the closest to the departing 
hydroxyl group. The general acid that assists tautomerization in the final step of the mechanism 
cannot be determined from the crystal structure.  
 
 
Figure 3.9. Proposed mechanism of dehydration of Geobacillus group GalurDs on D-
galacturonate. 
 
To determine the identity of the residue that assists as an acid in tautomerization, 
1
H NMR 
spectroscopy performed in D2O was used. The possible final acid in the mechanism is either 
H311 or K170. When the reaction is performed in protonated solvent, only protons are 
incorporated into the product. From this spectrum, we are able to identify the 4-proR and 4-proS 
protons of 5-keto-4-deoxygalacturonate (Figure 3.10A). The 4-proR resonance was identified at 
2.0 ppm, and the 4-proS resonance was identified at 1.8 ppm. When the reaction is performed in 
D2O, deuterium incorporation into the final product can differentiate the final acid by 
incorporation of only deuterium by H311, or a mixture of hydrogen and deuterium by K170. For 
 70 
 
the Geobacillus enzyme, the resonances assigned to the 4-proS proton at 1.8 ppm disappear 
completely and the resonances of the 4-proR proton at 2.0 ppm simplify to a doublet, indicating 
loss of geminal 
1
H-
1
H coupling and thus stereospecific incorporation of deuterium at the 4-proS 
position (Figure 3.10B). The general acid in this case would be H311, which is only capable of 
delivering deuterium when the reaction is performed in deuterated solvent (Figure 3.9). This 
mechanistic step differs from the Microscilla group, which uses the KxK motif as general acid to 
both abstract the proton and facilitate tautomerization. 
 
 
Figure 3.10. Partial 
1
H NMR spectrum depicting the region from 1.54 ppm to 2.5 ppm. (A) 
Reaction of Geobacillus GalurD with D-galacturonate performed in H2O. (B) Reaction of 
Geobacillus GalurD with D-galacturonate performed in D2O. 
 
3.3.4. Role of D-galacturonate dehydratases in pectin degradation 
Pectin and agar are both polymers with the potential of being catabolized to D-galacturonic acid, 
which is a common degradation intermediate for fungi [12] and bacteria [13]. Agar was 
discussed in Chapter 2 as the possible precursor for D-galacturonate for the Microscilla group of 
GalurDs, many of which come from organisms that are known to grow on agar and agarose. 
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Unlike the organisms encoding the Microscilla group of GalurDs, the organisms encoding the 
Geobacillus group of GalurDs are not known to use agar as a carbon source. The genome of 
Geobacillus sp. contains several homologues of pectin lyase [9, 14] and could use pectin as a 
carbon source as observed in other bacteria which contain pectin lyases [15]. Pectin is a polymer 
composed of mainly D-galacturonate units, which could readily be broken down into its core 
monomer either as 5-keto-4-deoxy galacturonate or D-galacturonate through the action of pectate 
hydrolases and pectate lyases. The difference in starting carbon source (agar or pectin) can 
explain why there are two groups of divergent D-galacturonate dehydratases in the enolase 
superfamily: each group evolved independently in the metabolism of different carbon sources. 
Further studies are required to confirm this hypothesis. 
 
3.4. Conclusion 
In conclusion, the MR subgroup members from Geobacillus sp. Y412MC10 GalurD (UniProt 
Accession D3EID5, locus tag GYMC10_3367) and Paenibacillus sp. JDR-2 GalurD (UniProt 
Accession C6CRE8, locus tag Pjdr2_0551) reported in this chapter are D-galacturonate 
dehydratases which catalyze the conversion of D-galacturonate to 5-keto-4-deoxy-galacturonate. 
The identification of GalurDs from different organisms expands our knowledge of D-
galacturonate metabolism in bacteria, which was previously thought to occur without 
dehydration of D-galacturonate. This Geobacillus group of GalurDs was discovered 
independently from the Microscilla group of GalurDs, which catalyze the same reaction. The 
GalurD function was confirmed through 
1
H NMR spectroscopy of the product, determination of 
the kinetic constants, and comparison to the previously identified Microscilla group of GalurDs. 
The Geobacillus group of GalurDs differs from the Microscilla group in two key ways: first, the 
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Geobacillus group contains a second Mg
2+
 ion, which may bind serendipitously as it is exposed 
to the solvent; second, although both mechanisms use the KxK motif at the end of the second β-
strand to abstract the alpha proton, the Geobacillus group uses the His from the H/D dyad as the 
general acid in the final step of the mechanism while the Microscilla group uses the second Lys 
from the KxK motif.  
 
Although transcriptomic analysis has not been performed, it is possible that the Geobacillus 
group of GalurDs play a role in the degradation of pectin. RNA sequencing could be performed 
to determine what, if any, additional genes would be involved in the degradation of pectin or D-
galacturonate in Geobacillus and Paenibacillus. 
 
These two groups of divergent GalurDs are examples of convergent evolution in the enolase 
superfamily. The low sequence identity and low structural similarity between these groups 
prevented predictions that these enzymes would catalyze the same function. Examples of 
evolutionarily convergent members of the enolase superfamily will likely be found more 
frequently as more proteins are screened for functional identification. Such enzymes with 
divergent structures and sequences represent one set of challenges to overcome in the attempt to 
establish a reliable method for enzyme functional identification: enzymes with low sequence 
identity and little structural similarity have the potential to perform identical functions, but can 
be annotated as different functions through homology-based annotation transfer. The research 
presented here will help improve computational prediction through assignment of function of 
these two clusters of enolase superfamily members, especially as these clusters become more 
populated with new protein sequences. 
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CHAPTER 4: IDENITFICATION OF GALACTARATE DEHYDRATASE-
III FROM AGROBACTERIUM TUMEFACIENS STRAIN C58 
4.1. Introduction 
Chapters 2 and 3 describe an enzyme-based screening approach to enzyme functional assignment 
in which proteins of unknown function are tested for activity. Instead of focusing on individual 
enzymes, we decided to shift our focus to the enolase superfamily members encoded in a single 
plant-associated and genetically tractable organism: Agrobacterium tumefaciens strain C58. This 
organism-based approach was previously used to characterize the enolase superfamily members 
in the model bacterium E. coli [1-5]. As we switched focus from in vitro determination of kinetic 
constants to in vivo studies, a whole organism approach was hoped to provide a fresh perspective 
on the metabolic roles of enolase superfamily members encoded in the plant pathogen A. 
tumefaciens. 
 
4.1.1. Agrobacterium tumefaciens as a model organism 
In some circles, Agrobacterium tumefaciens is considered the organism which launched plant 
engineering. Agrobacterium tumefaciens strain C58 is a genetically tractable plant pathogen 
responsible for the formation of crown gall tumors [6, 7] and is an agricultural target for 
development of pesticides [8]. Using its flagella, A. tumefaciens moves toward injured plant cells 
and then attaches to the plants. Expression of the vir region encoded on Ti (tumor-inducing) 
plasmid, which forms the T-pilus, occurs upon sensing plant chemical compounds excreted from 
plant wounds. The flexible T-pilus then inserts itself into the plant cell and injects single-
stranded T DNA as well as T DNA processing proteins into the host in a process similar to 
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conjugation. After several processing steps, the T DNA integrates itself into the plant genome 
and is expressed using the plant genetic machinery [9]. The utility of using a plant pathogen to 
inject exogenous DNA into a host has a variety of applications in agricultural biotechnology. 
 
Agrobacterium tumefaciens is capable of growth on plant-derived carbohydrates. Because plants 
contain complex mixtures of carbohydrates, it is hypothesized that novel pathways for 
carbohydrate degradation can exist in plant-associated organisms such as A. tumefaciens. One 
novel pathway found in A. tumefaciens C58 involves the degradation of D-galacturonate, which 
is the main component of the cell wall polymer pectin; this pathway is different than the one 
previously proposed by Chang and Feingold in 1970 [10] and uses an enolase superfamily 
member, galactarolactone cycloisomerase (Gci), to convert D-galactaro-1,4-lactone 
(γ-galactarolactone) to 5-keto 4-deoxy-D-galactarate in a pathway for degradation of 
D-galacturonate, the major component of pectin found in plant cell walls [11]. This pathway is 
initiated by a uronate dehydrogenase that oxidizes D-galacturonate to D-galactaro-1,5-lactone 
(δ-galactarolactone) [12]; a lactone isomerase (GLI; UniProt accession ID A9CEQ7; locus 
Atu3138) then converts δ-galactarolactone to γ-galactarolactone [13], the substrate for Gci. It is 
possible that additional novel pathways for the catabolism of complex carbohydrates can be 
found in this model organism. For this reason, the enolase superfamily members of A. 
tumefaciens were investigated. 
 
4.1.2. Mandelate racemase subgroup members encoded in A. tumefaciens gDNA 
Sequence analysis of the C58 genome revealed twelve members of the enolase superfamily 
(ENS). From sequence alignments, eight of the twelve members were identified as belonging to 
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the mandelate racemase (MR) subgroup. From previous experiences with MR subgroup 
members, it is likely that these members are acid-sugar dehydratases involved in sugar 
metabolism.  
 
As mentioned briefly in section 4.1.1, one enolase superfamily member was previously identified 
by another group and is involved in the degradation of D-galacturonate: Gci [11]. From sequence 
similarity networks, two other enzymes were able to be identified based on previously 
functionally characterized enzymes: one L-fuconate dehydratase (FucD) and one D-glucarate 
dehydratase related protein (GlucDRP) (Figure 4.1). The remaining five other enzymes were 
cloned, purified, and screened for dehydration activity against a library of acid sugars. A9CG74 
(Figure 4.1, red circle) was chosen for investigation because it showed complete turnover of m-
galactarate as well as low activity on D-galacturonate (approximate 20% turnover). 
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Figure 4.1. Representative sequence similarity network depicting all enolase superfamily 
members except for enolase. Nodes represent any sequences with greater than 95% identity. 
Edges are drawn at BLAST e-value of 10
-85
.Colors indicate known functions, gray indicates 
unknown function. Members from the organism Agrobacterium tumefaciens strain C58 are 
indicated with arrows. The cluster housing A9CG74 and its orthologs is circled in red. 
 
4.2. Materials and methods  
The following methods were used in characterization of the proposed GalrD-IIIs: A9CG74, 
B3Q5L5, and B9JNP7. 
 
4.2.1. Cloning, expression, and purification of A9CG74 (GalrD-III) and its homologs 
A9CG74 (locus tag Atu4196) was PCR amplified from genomic DNA isolated from 
Agrobacterium tumefaciens strain C58 using Platinum® Pfx DNA Polymerase (Invitrogen™). 
The PCR reaction (50 µL) was comprised of 5 μL of 10X Pfx Amplification Buffer, 0.3 mM 
dNTP mixture, 1 mM MgSO4, 0.3 μM of each primer (forward primer 5’ - CAT GAG GAA 
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GAC TGA CAT ATG AAA ATC GAT CGC ATG C - 3’, reverse primer 5’ - CGA TGA AGC 
TCG AGT CAG GCG AAG GCA TAA GAA CC - 3’), 1 unit of Pfx DNA Polymerase, and 50 
ng of genomic DNA. A PTC-200 gradient cycler (MJ Research) was used to amplify the reaction 
with the following cycling parameters: 94 °C for 5 minutes; followed by 35 cycles of 94 °C for 
15 seconds, 60 °C for 30 seconds, and 68 °C for 1 minute and 30 seconds; and a final extension 
at 68 °C for 10 minutes. The amplified gene was then digested using restriction enzymes and 
cloned into pET-17b vector. Proteins were expressed in E. coli BL21(DE3) cells in a total 
volume of 8 L. Expression consisted of growth at 37 °C in LB broth (supplemented with 100 
µg/mL ampicillin) with shaking at 220 RPM for 24 hours. 
 
 
UniProt accession ID B3Q5L5 (locus tag RHECIAT_PC0000418 from Rhizobium etli strain 
CIAT 652) and UniProt accession ID B9JNP7 (locus tag Arad_7740 from Agrobacterium 
radiobacter strain 84) were cloned using ligation independent cloning into a pAVITAG tagless 
vector. The vector amplification reaction (50 µL) contained 5 µL 10X KOD Buffer, 0.2 mM 
dNTPs, 2 mM MgCl2, 0.3 µM of each primer (forward primer 5’ - AAC CTC TAC TTC CAA 
TCG CAC CAT CAT CAC CAC CAT TG - 3’ and reverse primer 5’ - TAT ATC TCC TTC 
TTA AGG TTA AAC AAA ATT ATT TCT AG - 3’), 10 ng of vector template, and 1 unit of 
KOD polymerase. The vector was PCR amplified as follows: 95 °C for 5 minutes; followed by 
40 cycles of 95 °C for 30 seconds, 66 °C for 30 seconds, and 72 °C for 45 seconds. A Qiagen 
PCR purification kit was used to purify the reaction mixtures, which were eluted with 40 µL of 
water. Inserts amplification reaction mixture (50 µL) included 5 µL 10X KOD Buffer, 0.2 mM 
dNTPs, 2 mM MgCl2, 0.3 µM of each primer (forward primer 5’ - TTA AGA AGG AGA TAT 
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ACC ATG GTG N - 3’ where N denotes 12 complimentary nucleotides to the gene of interest 
and reverse primer 5’ - GAT TGG AAG TAG AGG TTC TCT GCN - 3’ where N denotes 12 
complimentary nucleotides to the gene of interest), 10 ng of vector template, and 1 unit of KOD 
polymerase. Inserts and vectors were then digested separately as follows: 1 µL 10X Buffer 2, 0.1 
µL 100X bovine serum albumin, 2.5 mM dNTPs, and 1 unit of T4-DNA polymerase. The 
digestions were incubated for 60 minutes at 22 °C followed by 20 minutes at 75 °C. T4-digested 
vector (15 ng) and 2 µL of T4-digested insert were combined and incubated at 22 °C for 15 
minutes. The reaction was stopped by the addition of 10 mM EDTA. Vectors containing the gene 
of interest were then transformed into E. coli DH10B cells using heat shock. Proteins were 
expressed by growing 8 L of E. coli DH10B cells grown in 8 L of LB broth (supplemented with 
100 µg/mL ampicillin) at 37 °C with shaking at 220 RPM rpm for 24 hours. IPTG was not used 
to induce expression. 
 
 
Cells were harvested by centrifugation (4650 x g, 4 °C) and resuspended in 30-40 mL of low-salt 
buffer (20 mM Tris-HCl, pH 7.9, and 5 mM MgCl2). Cells were lysed by sonication and clarified 
by centrifugation (31,000 x g, 4 °C). The supernatant was loaded onto a 125 mL Dowex DEAE 
column equilibrated with 1250 mL of low salt buffer. The column was washed with 800 mL of 
low-salt buffer, and the protein was eluted with a linear 1800 mL gradient of 0 to 50% high-salt 
buffer (1 M NaCl, 20 mM Tris-HCl, pH 7.9, and 5 mM MgCl2) followed by 300 mL of 100% 
high-salt buffer. Purity was confirmed by SDS-PAGE. Fractions containing the protein of the 
appropriate size were pooled and loaded onto a 20 mL Q Sepharose column equilibrated with 
200 mL of low-salt buffer. The column was washed with 100 mL of high-salt buffer, and the 
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protein was eluted with a linear 700 mL gradient of 100% to 0% high-salt buffer. Purity was 
checked by SDS PAGE. Fractions containing the protein of the appropriate size were pooled and 
brought to a final concentration of 1 M (NH3)2SO4 before loading onto a 50 mL Phenyl 
Sepharose column. The column was washed with 100 mL of ammonium sulfate buffer (1 M 
(NH3)2SO4, 20 mM Tris-HCl, pH 7.9, and 5 mM MgCl2), and protein was eluted with a 200 mL 
linear gradient of 100% to 0% ammonium sulfate buffer. Protein purity was confirmed with 
SDS-PAGE. 
 
4.2.1.1. Generation of H191N and H292Q variants 
Single overlap extension was used to generate the mutants. The first PCR reaction used to 
generate the megaprimers (50 µL) contained 50 ng of the gene encoding A9CG74 in pET-17b 
vector, 0.5 mM of each primer, 10 μL of 5X GC Buffer, 3% DMSO, 0.4 mM dNTPs, and 1 unit 
of Phusion DNA polymerase. The 5’ megaprimer was created by combining the T7pro primer 
with an antisense primer containing the desired mutation (Table 4.1). The 3’ megaprimer was 
constructed by combining the T7term primer with a sense primer containing the desired 
mutation. The PCR was cycled as follows: 98 ºC for 4 minutes; followed by 35 cycles of 98 ºC 
for 20 seconds, 55 ºC for 20 seconds, and 72 ºC for 30 seconds; and a final extension at 72 ºC for 
7 minutes. The megaprimers were gel-purified (Qiagen) following the polymerase chain reaction 
and used to generate the full-length mutant gene. The PCR reaction (50 µL) used to amplify the 
full-length mutant gene was comprised of 40 ng of each megaprimer, 10 μL of 5X GC Buffer, 
3% DMSO, 0.4 mM dNTPs, and 1 unit of Phusion DNA polymerase. A PCR program to extend 
the megaprimers to full-length constructs was performed with the following cycling profile: 98 
ºC for 4 minutes, followed by 5 cycles of 98 ºC for 20 seconds, 55 ºC for 25 seconds, and 72 ºC 
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for 20 seconds. Next, the cycling profile was stopped and T7pro and T7term primers were added 
to bring the final primer concentration to 0.5 mM, and the PCR program was continued as 
follows: 35 cycles of 98 ºC for 20 seconds, 55 ºC for 20 seconds, and 72 ºC for 25 seconds; and 
followed by a final extension step of 72 ºC for 5 minutes. The full-length mutant genes were then 
gel-purified, digested, and ligated into pET-17b vector. The mutations were confirmed with 
forward and reverse DNA sequencing. Proteins were expressed and purified as for the wild-type 
protein described in section 4.2.1. 
 
Table 4.1. Primers used to produce A9CG74 mutants E234A, E238A, and D261A. Mutagenic 
portion is indicated by underline. 
 
Mutant primer sequence 
H191N FOR 5' GACATCGCGTTTGATGCCAACGCCAAGATTTTCGAGCCC 3’ 
H191N REV 5' GGGCTCGAAAATCTTGGCGTTGGCATCAAACGCGATGTC 3’ 
H191Q FOR 5' GACATCGCGTTTGATGCCCAAGCCAAGATTTTCGAGCCC 3’ 
H191Q REV 5' GGGCTCGAAAATCTTGGCTTGGGCATCAAACGCGATGTC 3’ 
H292N FOR 5' CCACTTCGTCAGCATTGCGCCGAATAATCCCATGGGGCCG 3’ 
H292N REV 5' CGGCCCCATGGGATTATTCGGCGCAATGCTGACGAAGTGG 3’ 
H292Q FOR 5' CCACTTCGTCAGCATTGCGCCGCAAAATCCCATGGGGCCG 3’ 
H292Q REV 5' CGGCCCCATGGGATTTTGCGGCGCAATGCTGACGAAGTGG 3’ 
 
 
4.2.1.2. Determination of activity for H191N and H292Q mutants 
The H191N and H292Q mutant variants of A9CG74 were assayed by incubating 1 μM enzyme 
with 2-10 mM m-galactarate, 20 mM HEPES at pH 7.9 and 5 mM MgCl2. Aliquots were taken at 
time points and quenched in a 5-fold excess volume of 1% semicarbazide/ 1% sodium acetate 
(semicarbazide solution). The quenched reactions were incubated at 22 ºC for one hour before 
the absorbance at 250 nm was read using a Perkin-Elmer Lambda14 UV-Vis spectrophotometer. 
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Kinetic constants were calculated using OriginPro software. No turnover was detected under 
these conditions. 
 
The mutants were also assayed for D-galacturonate activity using an endpoint 
1
H NMR reaction 
(800 µL total) containing 20 mM potassium phosphate buffer pH 7.9, 1 mM MgCl2, 2 mM sugar, 
and 10 µM mutant enzyme. The reaction was incubated for one week at 22 ºC prior to 
lyophilization and resuspension in an equal volume of 99.9% D2O. The product spectrum was 
obtained on a Varian 500 MHz narrow bore and processed using MestReNova software. 
 
4.2.1.3. Screening A9CG74 and its homologs against a library of acid-sugars 
The proteins A9CG74, B9JNP7, and B3Q5L5 were screened for dehydration against a library of 
mono- and diacid sugars as previously described [14]. Reactions (50 μL) were performed in 
Corning UV-transparent 96-well plates and contained 20 mM TRIS pH 7.9, 5 mM MgCl2, 1 mM 
substrate, and 1 µM of enzyme. Blank reactions were identical except they contained no enzyme. 
The reactions were incubated at 30 °C for 16 hours prior to being quenched with 250 μL of a 1% 
sodium acetate/ 1% semicarbazide mixture (semicarbazide solution). The quenched reactions 
were incubated at 22 ºC for at least 1 h before reading the absorbance at 250 nm (ε250 = 10,200 
M
−1
 cm
−1
) with a Tecan Plate Reader. 
 
4.2.1.4. Determination of kinetic constants on m-galactarate 
An end-point semicarbazide assay was used to determine the rate of m-galactarate dehydration 
by A9CG74, B9JNP7, and B3Q5L5. For each reaction, 1 µM A9CG74 was incubated with 0.1-
10 mM m-galactarate in 20 mM HEPES pH 7.9 and 5 mM MgCl2. Aliquots were taken at 1, 3, 5, 
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7, and 9 minute time points and quenched in a 5-fold excess volume of semicarbazide solution. 
After incubating the quenched reactions for 1 h at 22 ºC the absorbance at 250 nm was recorded 
using a Perkin-Elmer Lambda14 UV-Vis spectrophotometer. OriginPro software was used to 
determine the kinetic constants.  
 
4.2.1.5. Polarimetric assay for determining regiospecificy of A9CG74 
Because m-galactarate is a dicarboxylic acid sugar, there are two possible protons for abstraction. 
The enzyme’s regiochemical preference for dehydration of m-galactarate was identified in a 
reaction consisting of 5 mM m-galactarate, 10 μM enzyme, and 5 mM MgCl2 in 50 mM HEPES 
pH 8.0. Reaction progress was monitored using a Jasco P-1010 polarimeter. The change in 
optical rotation was recorded for 30 minutes at 20 ºC using a sodium D-line filter (589 nm), a 10 
cm path length cuvette, and a 1 s integration time. For each sample, specific optical rotation was 
calculated. 
 
4.2.1.6. 
1
H NMR spectra of the reactions of A9CG74 on m-galactarate and D-galacturonate 
Unless otherwise stated, all 
1
H NMR spectra were recorded on a Varian Unity INOVA 500 MHz 
narrow bore spectrometer. Reactions were performed in H2O solvent (800 µL) containing 20 
mM potassium phosphate buffer pH 7.9, 1 mM MgCl2, 2 mM sugar, and 10 µM enzyme. When 
galactarate was used as the substrate reactions were incubated for 16 hours at 22 ºC. Reactions in 
which D-galacturonate was the substrate were incubated for 1 week at 22 ºC. The reaction 
mixtures were then lyophilized and resuspended in 800 µL of D2O. For the reaction on m-
galactarate, the pD was adjusted to 2 with 5 μL of 1M DCl prior to obtaining the spectrum to 
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differentiate the hemiketal forms of the dehydration product. The reaction on D-galacturonate 
was kept at pH 7.9. 
 
To determine the stereochemical incorporation of deuterium into the product, A9CG74 was 
exchanged into a deuterated buffer by diluting 1 mL of 200 μM enzyme into 9 mL of deuterated 
buffer (10 mL total volume) followed by concentrating the enzyme to 1 mL in a 10 mL Amicon 
filter using a Millipore 10,000 MWCO polyethersulfone ultrafiltration membrane. This 
procedure was repeated five times. The reaction mixture (800 μL) contained 2 mM substrate, 5 
mM MgCl2, and 10 μM enzyme in 20 mM potassium phosphate buffer at a pD of 8.1 was 
incubated at 22 ºC for 16 hours. For the reaction in which galactarate was the substrate, the pD 
was adjusted to 2 by adding 5 μL 1 M DCl before the 1H NMR spectra were recorded. 
 
4.2.2. A9CG74 mutarotase 
A mutarotase, (UniProt accession ID A9CG74, locus tag Atu4197), is encoded adjacent to 
A9CG75 on the genome of Agrobacterium tumefaciens strain C58. Both genes are oriented in 
the same direction, allowing for the possibility of co-transcription. The gene was cloned and the 
protein was functionally characterized. 
 
4.2.2.1 Cloning, expression, and purification 
A9CG74 (locus tag Atu4197) was amplified from genomic DNA and ligated into pET15b vector. 
Proteins were expressed in 4L of E. coli BL21(DE3) cells. For A9CG75, expression consisted of 
growth on LB broth (supplemented with 100 µg/mL ampicillin) at 37 °C and 220 RPM for 24 
hours. IPTG was not needed to induce expression. Cells were harvested by centrifugation (4650 
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x g, 4 °C) and resuspended in 30-40 mL of binding buffer (20 mM Tris pH 7.9, 0.2 M NaCl, and 
5 mM MgCl2). All cells were lysed by sonication and the resulting lysate was clarified by 
centrifugation (31,000 x g, 4 °C). The supernatant containing the His-tagged protein was then 
loaded onto a 5 mL chelating Sepharose Fast Flow column charged with nickel and equilibrated 
with 50 mL binding buffer. The column was washed with 100 mL of 15% elution buffer (0.5 M 
imidazole, 20 mM Tris-HCl at pH 7.9, 0.2 M NaCl and 5 mM MgCl2) with 85% binding buffer 
and eluted over a 150 mL gradient of 15 to 100% elution buffer with an additional 100 mL of 
100% elution buffer. Purity was checked using SDS-PAGE gel electrophoresis. Fractions 
containing protein were then pooled and dialyzed against a solution of 20 mM Tris-HCl pH 7.9, 
5 mM MgCl2, 0.1 M NaCl, and 10% glycerol. 
 
4.2.2.2. Activity determination using nuclear magnetic resonance 
Saturation difference nuclear magnetic resonance (SD-NMR) was used to determine the activity 
of the mutarotase protein on D-galacturonate, D-glucuronate, D-galactose, and D-glucose [15]. 
The enzyme was exchanged into 20 mM potassium phosphate buffer at pD 8 in 99.9% D2O. 
Reactions (800 µL) were performed entirely in 99% D2O and consisted of 50 mM potassium 
phosphate buffer at pD 8, 100 mM NaCl, 2 mM substrate, and 10 µM enzyme. Enzyme was 
added immediately prior to recording the NMR spectrum. Pulse sequences were designed and 
reactions were performed by Xudong Guan at the Institute for Genomic Biology NMR facility. 
 
4.2.3. Q7CU96 dihydrodipicolinate synthase 
Q7CU96 (locus tag Atu189), a member of the dihydrodipicolinate synthase (DHDPS) Pfam 
family, was tested for activity on 2-keto-3-deoxy-D-galactarate (2k3dgalr), the product of the 
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reaction of A9CG74 (GalrD-III), and was also tested on its enantiomer, 5-keto-4-deoxy-D-
glucarate (KDG), to determine substrate specificity.  
 
2k3dgalr was enzymatically synthesized in a 2 mL reaction mixture containing 20 μM A9CG74, 
40 mM m-galactarate, 20 mM potassium phosphate buffer pH 7.9, and 2 mM MgCl2 was 
incubated for 16 hours at 22 ºC. When the reaction was complete as indicated by reaction with 
semicarbazide solution, 
1
H NMR spectroscopy was used to verify the product. The product 
solution was stored in 0.5 mL aliquots at -20 ºC. KDG was enzymatically synthesized in a 2 mL 
reaction mixture containing 100 μM D-glucarate dehydratase, 50 mM D-glucarate, 20 mM 
potassium phosphate buffer pH 7.9, and 2 mM MgCl2; the KDG reaction was incubated for 16 
hours at 22 ºC. The product was verified and stored as done for 2k3dgalr. 
 
4.2.3.1. Cloning, expression, and purification 
Q7CU96 (locus tag Atu4189 from Agrobacterium tumefaciens C58) was cloned into the pMAL-
c2x vector containing a maltose binding protein (MBP) tag through Gibson assembly [16] 
because of incompatible restriction enzyme sites. Separate amplifications of vector and the gene 
were performed to incorporate regions of homology, followed by incorporation of the gene into 
the vector using the homologous regions. Primers were designed using 25 bp overlap with the 
terminal ends of the gene encoding Q7CU96 and with 30 bp overlap with the pMAL-c2x vector. 
The reaction for amplification of the vector (50 µL) contained 20 ng of pMAL-c2x vector 
template, 0.5 µM of each vector amplification primer (forward 5’ – TGA AAT CCT TCC CTC 
GAT CCC GAG GTT GTT G – 3’, and reverse 5’ – GAA TTC GGA TCC TCT AGA GTC 
GAC CTG CAG GCA AGC – 3’), 0.4 mM dNTPs, 10 µL 5x HF buffer, 3% DMSO, and 1 unit 
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of Phusion DNA polymerase. The vector reaction was amplified using the following cycling 
profile: 95 °C for 30 seconds; followed by 3 cycles of 95 °C for 10 seconds, 58 °C for 30 
seconds, and 72 °C for 5 minutes; followed by 3 cycles of 95 °C for 10 seconds, 57 °C for 30 
seconds, and 72 °C for 5 minutes; followed by 26 cycles of 95 °C for 10 seconds, 55 °C for 30 
seconds, and 72 °C for 5 minutes; followed by a final extension at 72 °C for 10 minutes. The 
reaction for amplification of the gene (50 µL) contained 15 ng of Q7CU96 template in pET28a 
vector, 0.5 µM of each insert amplification primer (forward 5’ – CAA CAA CCT CGG GAT 
CGA GGG AAG GAT TTC AAT GAC GAC ATT TGA TAT TCG CCA G - 3’, and reverse 5’ 
– GCT TGC CTG CAG GTC GAC TCT AGA GGA TCC GAA TTC TTA TTT CCA GCT 
GGC CAG CAG G – 3’). The reaction was amplified as follows: 98 °C for 4 minutes; followed 
by 35 cycles of 98 °C for 20 seconds, 55 °C for 20 seconds, and 72 °C for 30 seconds, followed 
by a final extension at 72 °C for 7 minutes. After amplification, 25 µL of each PCR product was 
digested for 16 hours at 37 °C with 20 units of DpnI enzyme. Assembly of the full length DNA 
construct (20 µL total) were created using 35 ng pMAL vector, 35 ng gene of interest, and 15 µL 
1.33X assembly mix. The assembly mix was incubated at 60 ºC for 5 minutes, 4 ºC for 5 
minutes, and finally 50 ºC for 60 minutes. The solution was then dialyzed and electroporated into 
E. coli BL21(DE3) cells. Protein was expressed in E. coli BL21(DE3) cells grown in LB at 37 ºC 
with shaking at 220 rpm. When the OD600 reached 0.5, the cells were induced by addition of 
IPTG to 1 mM. Growth was continued at 20 ºC with shaking at 220 rpm for an additional 16 hrs 
at which point the cells were harvested as described above. The cells were sonicated, clarified, 
and loaded onto 60 mL amylose column equilibrated with binding buffer (20 mM Tris-HCl, pH 
7.9, 5 mM MgCl2, and 0.2 M NaCl). The column was then washed with 720 mL of binding 
buffer (20 mM Tris-HCl, pH 7.9, 5 mM MgCl2, and 0.2 M NaCl). The MBP-tagged protein was 
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eluted with 240 mL of maltose elution buffer (20 mM maltose, 20 mM Tris-HCl, pH 7.9, and 0.2 
M NaCl). The column was then washed with 180 mL of water, 180 mL of 0.1% sodium dodecyl 
sulfate, 180 mL of water, and finally equilibrated with 360 mL of binding buffer. Fractions 
containing the MBP-tagged protein were pooled, and Factor Xa was used to cleave the MBP tag 
in 10 kDa MWCO dialysis tubing during dialysis against 20 mM Tris-HCl, pH 7.9, 2 mM CaCl2, 
and 0.15 M NaCl for 16 hours at 4 ºC. The protein was then loaded onto a 125 mL DEAE 
column equilibrated with 20 mM Tris-HCl, pH 7.9, and 5 mM MgCl2. The column was washed 
with 600 mL of binding buffer followed by a linear gradient over 750 mL to 20 mM Tris-HCl, 
pH 7.9, 5 mM MgCl2, and 1 M NaCl. Fractions containing enzyme (32 kDa) were pooled and 
loaded on the amylose column to remove the MBP tag (42 kDa) using the same method as above 
but instead by collecting the flow-through. 
 
4.2.3.2. Assay for aldolase activity 
Because Q7CU96 shared sequence similarity with the DHDPS class I aldolase superfamily 
(BLAST e-value 10
-62
), Q7CU96 was initially tested for aldolase activity on 2k3dgalr, the 
product of GalrD-III, and KDG, the mirror image of 2k3dgalr, in a coupled assay containing L-
lactate dehydrogenase (LDH) which would convert pyruvate into lactate through the 
consumption of NADH. Reactions (1 mL) contained 10 mM substrate, 100 μM Q7CU96, 2 units 
of LDH (from rabbit muscle, Sigma), 0.1 mM NADH, 75 mM potassium phosphate buffer at pH 
7.9, and 15 mM MgSO4. The change in absorbance at 340 nm was observed over10 minutes. 
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4.2.3.3. Assay for dehydratase/decarboxylase activity 
Q7CU96 was tested for decarboxylase/dehydratase activity on 2k3dgalr and KDG in a coupled 
assay containing α-ketoglutarate semialdehyde dehydrogenase (GSADH) and diaphorase. If 
Q7CU96 decarboxylates the substrate, α-ketoglutarate semialdehyde would be formed from 
2k3dgalr; α-ketoglutarate semialdehyde would then be oxidized by GSADH using NAD+, 
producing α-ketoglutarate and NADH. The NADH would be used by diaphorase to reduce INT, 
the product of which has a characteristic absorbance at 500 nm. Using a limiting amount of 
Q7CU96 will make the first step rate-limiting, thus allowing the rate of decarboxylation to be 
determined from the reduction of INT. The 1 mL reaction mixture contained 2 mM substrate, 0.1 
μM Q7CU96, 0.1 μM GSADH, 4 units of diaphorase, 1.6 mM INT, 0.16 mM NAD+, 75 mM 
HEPES buffer at pH 7.9, and 2 mM MgSO4; for KDG as the substrate, 10 μM Q7CU96 was 
needed to detect activity. To ensure that Q7CU96 was limiting, all other enzyme concentrations 
were doubled and no change in rate was observed. Enzyme kinetic constants were then 
determined on both substrates as follows: for 2k3dgalr, substrate concentrations were varied 
from 2 to 500 μM using 0.1 μM Q7CU96; for KDG, substrate concentrations were varied from 
10 μM to 5 mM using 10 μM Q7CU96. Kinetic constants were calculated using OriginPro 
software. 
 
A 
1
H NMR spectrum of the reaction (800 μL total) of Q7CU96 on 2k3dgalr was taken using the 
following reaction conditions: 2 mM 2k3dgalr, 10 μM Q7CU96, 50 mM potassium phosphate 
buffer at pH 7.9, and 2 mM MgCl. 
 
 91 
 
4.2.4. Q7CU97 gluconolactonase/regucalcin 
Q7CU97 (locus tag Atu4190), annotated as a gluconolactonase or regulcalcin, was sub-cloned 
into pET15b, pET28a, modified pET28a which lacked a His-tag, and pMAL-c2x. None of these 
constructs produced soluble protein, although the protein was expressed in each vector. 
Purification was attempted using the His-tagged constructs as described in Chapter 2, but no 
protein was recovered. 
 
4.2.5. Quantitative real-time polymerase chain reaction 
Reverse transcriptase quantitative real-time polymerase chain reaction (RT-qPCR) was 
performed on selected genes located near to Atu4197. These genes were chosen based on their 
proximity to the gene of interest as well as the annotation of the gene product as potentially 
being involved in acid-sugar degradation. The selected genes included A9CG74 (locus tag 
Atu4197) mutarotase, Q7CU96 (locus tag Atu4189) dihydrodipicolinate synthase, and Q7CU97 
(locus tag Atu4190) potential lactonase/regucalcin. 
 
4.2.5.1. Primer design 
RT-qPCR requires two PCR primers that are specific for the gene of interest. These primers 
should be complimentary to the gene and approximately 20 bp in length. Primers were designed 
for all genes of interest (Q7CU96, Atu4189; Q7CU97, Atu4190; A9CG74, Atu4196; and 
A9CG75, Atu4197) by using the Roche Applied Science website (https://www.roche-applied-
science.com/sis/rtpcr/upl/index.jsp?id=UP030000) which used the gene sequence to 
automatically design specific primers for amplification (Table 4.2). 
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Table 4.2. Primer and amplicon sequences used for qPCR. Primer names are based on the locus 
tag: A9CG74 GalrD-III (locus tag Atu4196), A9CG75 mutarotase (locus tag Atu4197), Q7CU96 
DHDPS (locus tag Atu4189), and Q7CU97 potential lactonase/regucalcin (locus tag Atu4190). 
Primer Position Tm (ºC) %GC Sequence 
Atu4196L 538 - 555 60 56 5’ - gtt cgc gcc gat tat gac – 3’ 
Atu4196R 580 - 597 60 56 5’ - ggc aga ggg ctc gaa aat – 3’ 
Atu4197L 716 - 733 59 50 5’ - tcg ctg ttc atc gaa tgg – 3’ 
Atu4197R 773 - 791 59 53 5’ - tcc ggt aag cac aaa gca c – 3’ 
Atu4189L 393 - 411 59 47 5’ - ctg tcg tgg cga att tga t – 3’ 
Atu4189R 435 - 454 59 55 5’ - gga cga tat ggt gag gct ct – 3’ 
Atu4190L 334 - 354 59 43 5’ - aac atc gaa gtc gaa aac ctg – 3’ 
Atu4190L 381 - 400 60 60 5’ - gga cga gac acg gat gta cc – 3’ 
16s Atu-For 215 - 233 59 58 5’ - tgg tgg ggt aaa ggc cta c – 3’ 
16s Atu-Rev 255 - 275 60 52 5’ - tgg ctg atc atc ctc tca gac – 3’ 
 
4.2.5.2. Growth of Agrobacterium tumefaciens strain C58 
A 5 mL culture of Agrobacterium minimal medium (ABM: 3 g/L K2HPO4, 1 g/L NaH2PO4, 1 
g/L NH4Cl, 0.3 g/L MgSO4•7H2O, 0.15 g/L KCl, 0.01 g/L CaCl2•2H2O, 0.0025 g/L 
FeSO4•7H2O, pH 7.0) containing 0.4% D-glucose was inoculated with a single colony of A. 
tumefaciens strain C58 from a plated culture. At OD600 equal to 1, the cells were washed five 
times as follows: the culture was dispensed into 1.5 mL Eppendorf tubes and spun in a table-top 
Eppendorf centrifuge at 8000 RPM for 1 minute to form pellets that were then combined; 0.5 mL 
of ABM medium lacking a carbon source was used to resuspend the pellet and then pelleted, 
which constitutes one wash. Cells were next resuspended in 0.5 mL carbon-deficient ABM 
medium and used to inoculate ABM media containing either 0.4% D-glucose or D-galacturonate 
as the sole carbon source. The cell density of each inoculum was brought to a starting OD600 
equal to 0.1. Cells were grown in a tube roller at 30 ºC until the cell density doubled (OD600 
equal to 0.2). Upon doubling, cells were harvested by adding an equal volume of RNAlater 
solution (Qiagen), incubating at 22 ºC for 5 minutes, pelleting in a table-top centrifuge, and then 
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discarding the supernatant. The cell pellets were stored at -20 ºC until ready for extraction of 
total RNA, but not more than 24 hours after initial harvest. 
 
4.2.5.3. Extraction of total RNA  
Total RNA was isolated from the cells using an RNeasy kit (Qiagen) and was performed under 
sterile conditions. Prior to harvest, the benchtop was either doused with bleach for 10 minutes or 
cleaned with DNase to eliminate contamination of exogenous DNA. Cell pellets were thawed at 
22 ºC and 100 µL of TE buffer + lysozyme solution (15 mg/mL lysozyme in TE buffer) was 
added and the pellets were incubated at 22 ºC for 5 minutes. 20 μL of proteinase K was added 
and the solution was incubated at 22 ºC and gently mixed every two minutes for 10 minutes. 
After incubation, 350 μL of RLT buffer containing β-mercaptoethanol was added, the solution 
was mixed, and the solution was pelleted for 5 minutes at 10,000 RPM in a benchtop centrifuge. 
The supernatant was collected and 250 μL of 100% ethanol was added. The solution was added 
directly onto the membrane of a spin column, and then spun at 10,000 RPM for 30 seconds. 
DNase solution containing 10 μL DNase and 70 μL RDD buffer was then added directly to the 
column membrane and incubated at 22 ºC for 1 hour. The column was washed twice with 350 μL 
RW buffer, followed by two washes with 500 μL RPE buffer. The RNA was eluted from the 
column using 50 μL RNase free water and 2 minute incubation on the membrane. The flow-
through was then added back onto the column membrane and eluted again. 
 
4.2.5.4. Creation of cDNA 
A cDNA library was synthesized from the harvested total RNA using the ProtoScript® M-
MuLV First Strand cDNA Synthesis Kit (NEB) as described by the manufacturer. Briefly, a 
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mixture (8 μL total) of 2 μL of 50 mM random hexamers, 300 ng RNA, and water was incubated 
for 10 minutes at 65 ºC to denature the nucleic acid. To these reactions, 10 μL of 2X ProtoScript 
II Reaction Mix and 2 μL of 20X ProtoScript II Enzyme mix were then added and the resulting 
mixtures were incubated at 42 ºC for one hour followed by 85 ºC for 5 minutes. A negative 
control (-RT control) containing no reverse transcriptase was created in the same manner. 
 
4.2.5.5. Quantitative PCR 
Quantitative polymerase chain reaction (qPCR) was performed on a LightCycler 480 (Roche). 
Reactions (10 µL) contained 0.5 µM of each primer (section 4.2.3.1), 15 ng of cDNA (section 
4.2.3.4), and 5 µL of 2X SYBR Green I Master Mix (Roche). Reactions were performed as 
follows: first, an initial 95 ºC hold for 5 minutes; followed by 45 cycles of 95 ºC for 10 sec, 
50 ºC for 10 sec, and 72 ºC for 10 sec during which SYBR green fluorescence was monitored. 
ΔCp (change in crossing point) and ΔΔCp were calculated for each carbon source by comparison 
to water only control. If DNA contaminated the RNA (section 4.2.3.3), the water-only control 
showed fluorescence prior to 30 cycles, at which point the RNA would be discarded and growths 
would be started fresh. Fold change compared to the glucose control was determined using the 
formula 2
-ΔΔCp
. 
 
4.2.6. Operon determination from cDNA 
In order to determine which genes were co-transcribed, a PCR reaction was performed which 
amplified the intergenic regions of the genes in question. Primers were designed to amplify 
region between A9CG74 (Atu4196) and A9CG75 (Atu4197) as these genes are quite large (~1.8 
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kbp total) and using existing cloning primers did not produce an amplicon because cDNA is 
generally smaller fragments. Ideal amplicon length is less than 600 bp (Table 4.3). 
 
Reactions were performed using cDNA or gDNA as the template; gDNA was used as a positive 
control to ensure amplification was possible. Reaction mixtures (20 μL) consisted of 20 ng 
template, 0.5 mM of each forward and reverse primer (Table 4.3), 4 μL of 5X GC Buffer, 3% 
DMSO, 0.4 mM dNTPs, and 0.4 unit of Phusion DNA polymerase. PCR amplification was 
performed as follows: 98 ºC for 4 minutes; followed by 35 cycles of 98 ºC for 20 seconds, 55 ºC 
for 20 seconds, and 72 ºC for 30 seconds; and a final extension at 72 ºC for 7 minutes. 
 
Table 4.3. Primers amplifying the intergenic regions for operon determination from cDNA. 
Primer 
name 
Intergenic 
region 
Sequence 
FOR 9697 Atu4196-
Atu4197 
5' – CGCAATGAGTTTCTCCGACTTCTTCAGG – 3’ 
REV 9697 Atu4196-
Atu4197 
5' – GGGCTCGAAAACGTCCGCTTGCGTGGG – 3’ 
FOR 8990 Atu4189-
Atu4190 
5' – GCGTTGGGAGCATCTCGAGCTTGGGAGGTTATTTCCAGCTGG – 3’ 
REV 8990 Atu4189-
Atu4190 
5' – GCTCTATAATGCGCGGCTGGCTCATATGTTCTCCTCCATCATCCG – 3’ 
 
4.2.7. RNA-Seq of RNA isolated from Agrobacterium tumefaciens strain C58 
A single colony of Agrobacterium was selected from a plated culture and used to inoculate a 5 
mL liquid culture of 0.4% D-glucose-supplemented Agrobacterium minimal medium (ABM). 
Cultures were grown at 30 ºC to an OD600 equal to 0.5. Cells were pelleted and washed twice 
with ABM lacking a carbon source and then inoculated into either a 0.4% D-galacturonate or 
0.4% D-glucose supplemented minimal medium and grown for 2 hours at 30 ºC. RNA was then 
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harvested as described in section 4.2.3.3. Samples were submitted to the Roy J. Carver 
Biotechnology Center for library preparation, data collection, and analysis.  
 
4.3. Results 
Of the 12 ENS members encoded by the A. tumefaciens C58 genome, eight are members of the 
MR subgroup. A9CG74 contains a DxH motif at the end of the third -strand similar to the 
catalytic residues in D-galactonate dehydratases but does not catalyze the dehydration of D-
galactonate; D-galactonate dehydratases do not catalyze the dehydration of m-galactarate or D-
galacturonate [17]. Biochemical assays were used to determine an in vitro activity for A9CG74, 
and its in vivo biological function was established by transcriptomics. 
 
A9CG74 is located in a cluster with approximately 25 other proteins at a BLAST e-value cutoff 
of 10
-85
 (Figure 4.1). The members of this cluster are from either the Agrobacterium or 
Rhizobium genus, both of which are members of the Rhizobiaceae family, and share at least 60% 
sequence identity. An alignment of the sequences in this cluster shows that both the active site 
catalytic residues and substrate-binding residues in the capping domain are conserved (Figure 
4.2). The enzymes from this cluster likely are orthologues based on sequence identity as well as 
shared catalytic and substrate specificity-determining residues.  
 
4.3.1. A9CG74 and its orthologs are m-galactarate dehydratases with a novel reaction on D-
galacturonate 
Initial dehydration screening against a library of 77 acid sugars showed that A9CG74 dehydrated 
both m-galactarate with complete turnover, but also D-galacturonate to a lesser extent. Two 
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additional members from this cluster, B9JNP7 from Agrobacterium radiobacter and B3Q5L5 
from Rhizobium etli, were successfully purified and showed identical screening results. The Gerlt 
laboratory previously reported two families of galactarate dehydratases in the enolase 
superfamily, GalrD/TalrD and GalrD-II; however, the active site residues in those enzymes differ 
from those found in A9CG74 and its orthologues [14, 18]. Additionally, the dehydration of D-
galacturonate is not catalyzed by either GalrD/TalrD or GalrD-II. Thus, A9CG74, B9JNP7, and 
B5Q5L5 are orthologous galactarate dehydratases with catalytic residues unlike those found in 
previously characterized galactarate dehydratases in the ENS.  
 
4.3.1.1. Catalytic and substrate specificity determining residues 
An X-ray structure for the GalrD-III from Agrobacterium radiobacter K84 (UniProt AC 
B9JNP7, with L-malate and Na
+
, PDB entry 4JN7) was solved that showed the overall structure 
characteristic of enolase superfamily members: an (+) capping domain and a (β/α)7β-barrel 
domain. The α+β capping domain contains residues 1-115 at the N-terminus and residues 322-
395 at C-terminus of the polypeptide; the barrel domain contains residues 116-321. 
 
Substrate specificity is determined from residues located in 20s and 50s loops in the capping 
domain that interact with the substrate. In GalrD-III, both the 20s loop and 50s loops are short 
compared to other MR subgroup members, containing residues 14-16 and 35-39, respectively; 
Arg 16 from the 20s loop forms H-bonds with the nearby carboxylate group of the substrate, and 
Y36 from the 50s loop forms H-bonds with both the carboxylate and the hydroxyl oxygen on the 
adjacent carbon. The C-terminus containing residues 375-395 extends near the active site, 
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enabling Arg 382 to form H-bonds with the proximal carboxylate group of the substrate (Figure 
4.2A). 
 
 
Figure 4.2. Structure of GalrD-III (PDB-4JN7) liganded with L-malate (magenta) and Na
+
 
(purple). A) Overall structure. Loops containing residues for substrate specificity are colored 
yellow. B) Active-site view with L-malate shown in magenta, substrate specificity residues 
(R382, R16, and Y36) in yellow, catalytic residues (H191 and H292) in orange, metal-binding 
residues in green (D189, E216, E242). 
 
The ligands that coordinate the essential Mg
2+
 ion are Asp 189, Glu 216 and Glu 242 located at 
the C-terminal ends of third, fourth and fifth β-strands, respectively (Figure 4.2B). As expected 
for a member of the MR subgroup, His 292, positioned at the C-terminal end of the seventh β-
strand, forms a dyad with Asp 265, located at the C-terminal end of the sixth β-strand; together 
these residues act as the general basic catalyst that initiates the reaction.  
  
GalrD-III contains a KxS motif consisting of Lys 149 and Ser 151 at the second β-strand that 
would not be catalytic, unlike other MR members which contain two Lys residues at the C-
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terminal end of the second β-strand which acts as the general acid/base for catalysis. Instead, the 
GalrD-III structure shows a catalytic DxH motif at the C-terminal end of the third β-strand as 
detected in D-galactonate dehydratase (7). In this motif, Asp 189 coordinates the essential Mg
2+
 
and His 191 would act as the general acid catalyst for dehydration (Figure 4.2B). 
 
Members of this cluster all share a DxH motif at the end of the third β-strand as well as the H/D 
dyad (Figure 4.3). In order to verify the proposed catalytic residues, mutants of both catalytic 
H191 and H292 residues were created and the enzymes were tested for activity. Neither the 
H191N mutant nor the H292Q mutant showed activity on m-galactarate or D-galacturonate, 
supporting the hypothesis that these residues are essential for catalysis. 
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Figure 4.3. Partial sequence alignment of all members of the GalrD-III cluster. Tested enzymes are bold underlined. Residues involved 
in substrate binding are shown in dark gray, metal-binding are shown in black, catalytic are shown in light gray, non-catalytic KxS 
motif shown in italics. Numbering based on A9CG74 sequence. 
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Figure 4.3. continued
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In addition to conserved catalytic residues, all members of this cluster share conserved residues 
in the N-terminal and C-terminal capping domains which determine substrate specificity (Figure 
4.3). The crystal structure of L-malate bound B9JNP7 (PDB-4JN7) was used by our 
collaborators at University of California at San Francisco to model the lowest-energy 
configurations of D-galacturonate and m-galactarate into the active site. The resulting structures 
revealed the positively charged R16 and R382 are positioned to coordinate the negatively 
charged carboxylate group of D-galacturonate and will also coordinate the distal carboxylate of 
galactarate. Furthermore, Y326 and Y36 will form H-bonds with the hydroxyl groups of the 
substrate (Figure 4.4).  
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Figure 4.4. Structure PDB-4JN7 with m-galactarate or D-galacturonate modeled into the active 
site. A) PDB-4NJ7 with m-galactarate (magenta) modeled into the active site in the lowest 
energy configuration. Residues involved in catalysis (His191 and His292) are colored orange, 
metal-binding residues (Asp189, Glu216, Glu242) are colored dark green, residues involved in 
substrate stabilization in the active site are colored yellow (Arg382, Arg16, Tyr326, Tyr36), 
Lys149 that forms an H-bond with the substrate is tan, and the essential Mg
2+
 colored light 
green. His292 is positioned to abstract the proton located alpha to the carboxylate. B) PDB-4NJ7 
with D-galacturonate (magenta) modeled in the active site in the lowest energy configuration. 
The aldehyde functional group instead of the carboxylate of D galacturonate is coordinated to the 
Mg
2+
 ion. His292 is positioned to abstract the proton located alpha to the aldehyde group. 
Residue colors are the same as in panel A. 
 
4.3.1.2. Reaction on m-galactarate 
A9CG74 and its orthologs B9JNP7 and B3Q5L5 showed dehydration activity on m-galactarate 
in our dehydration screening assay. This activity was characterized and compared to known m-
galactarate dehydratases in the enolase superfamily: L-talarate/galactarate dehydratase 
(TalrD/GalrD) and galactarate dehydratase-II (GalrD-II). Kinetic constants were calculated for 
the dehydration of galactarate by this group of enzymes quenching the reactions at various time 
points with semicarbazide solution. For A9CG74, kinetic constants were calculated as follows: 
kcat = 0.12 ± 0.05 s
-1
, Km = 80 ± 30 µM, and kcat/Km = 1.5 x10
3
 M
-1
s
-1
. For B9JNP7, kinetic 
constants were kcat = 0.95 ± 0.05 s
-1
, Km = 250 ± 50 µM, and kcat/Km = 3.8 x10
3
 M
-1
s
-1
 and for 
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B5Q5L5, kcat = 1.2 ± 0.05 s
-1
, Km = 360 ± 100 µM, and kcat/Km = 3.3 x10
3
 M
-1
s
-1
 (Table 4.4). 
These constants are reasonable to support dehydration of galactarate as the function of these 
enzymes and are similar to previously reported kinetic constants for other acid-sugar 
dehydratases [14, 18]. Previously characterized galactarate dehydratases GalrD/TalrD and 
GalrD-II showed kcat values about 5 fold higher, but similar Km values. The kcat/Km values are an 
order of magnitude higher for TalrD/GalrD and GalrD-II compared to GalrD-III. 
 
Table 4.4. Kinetic constants for known galactarate dehydratases in the enolase superfamily 
GalrD/TalrD and GalrD-II as well as for GalrD-III enzymes A9CG74, B9JNP7, and B5Q5L5. 
Enzyme 
kcat 
(s
-1
) 
Km 
(μM) 
kcat/Km 
(M
-1
s
-1
) 
GalrD/TalrD 3.5 320 1.1 x 10
4
 
GalrD-II 6.8 620 1.1 x 10
4
 
A9CG74 (GalrD-III) 0.12 ± 0.05 80 ± 30 1.5 x 10
3
 
B9JNP7 0.95 ± 0.05 250 ± 50 3.8 x 10
3
 
B3Q5L5 1.2 ± 0.05 360 ± 100 3.3 x 10
3
 
 
4.3.1.2.1. Determination of regiospecificity of reaction using polarimetry 
As a dicarboxylic acid, m-galactarate has two stereochemically distinct alpha protons available 
for abstraction. Thus, two enantiomeric “2-keto-3-deoxy galactarate” products are possible. 
Polarimetry was used to determine the configuration of the A9CG74 product by comparing its 
specific optical rotation to those reported for GalrD/TalrD and GalrD-II, which abstract the alpha 
proton from different “ends” of m-galactarate [14, 18]. The specific optical rotations ([α]589
20
) for 
the product of the GalrD/TalrD-catalyzed reaction was found to be +4 º, and specific optical 
rotaion for the GalrD-II product was -4 º [14, 18]. The specific optical rotations for the products 
produced by A9CG74, B9JNP7, and B5Q5L5 are -4 º. Thus, the orthologues produce 2-keto-D-
threo-4,5-dihydroxyadipate as observed in the GalrD-II-catalyzed reaction. 
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4.3.1.2.2. Determination of stereochemistry of reaction using 
1
H NMR 
As described in section 4.3.1.1., mutants confirmed both His residues in the DxH motif and H/D 
dyad are important for catalysis. 
 
The stereochemical course of dehydration of m-galactarate catalyzed by A9CG74 was 
determined by comparing the 
1
H NMR spectra of the products obtained in D2O and H2O. The 
product, 2-keto-3-deoxygalactarate, will exist as hemiketal forms in solution (Figure 4.5A). 
When the reaction was performed in D2O, solvent-derived deuterium is incorporated in the 
3-proS position which coincides with loss of geminal coupling to the proR protons, as indicated 
by collapse of the doublet of doublets to a doublet (Figure 4.5C). Taken together with the 
sequence alignment, we propose the mechanism shown in Figure 4.6: His 292 abstracts the 
proton from the alpha carbon and His 191 facilitates departure of the hydroxide leaving group. 
 
 106 
 
 
Figure 4.5. Partial 
1
H NMR spectrum of the reaction of GalrD-III on m-galactarate. (A) 
Hemiketal forms of the GalrD-III product 2-keto-3-deoxy-D-galactarate. (B) Reaction performed 
in H2O. (C) Reaction performed in D2O. 
 
Based on the lowest-energy model of m-galactarate bound to GalrD-III (Figure 4.4), we are able 
to propose a mechanism of dehydration (Figure 4.6). According to the structure, H292 will 
abstract the proton alpha to the carboxylate group, as this residue is located in close proximity 
with the alpha proton. Next, H191 will act as an acid to facilitate departure of the hydroxyl at C3 
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as water. Finally, H292 will act as a general acid to assist tautomerization to form 2-keto-3-
deoxy-galactarate. 
 
 
Figure 4.6. Proposed mechanism for the dehydration of m-galactarate by GalrD-III. Proton 
abstraction is performed by His292 followed by general acid-catalyzed dehydration by His191. 
H292 then facilitates tautomerization to the final product, 2-keto-3-deoxy-galactarate. 
 
 
4.3.1.3. Reaction on D-galacturonate 
Screening results indicated partial turnover (approximately 20%) of D-galacturonate by members 
of this cluster. This partial dehydration was investigated to determine whether this reaction was 
functionally significant or merely substrate promiscuity. 
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4.3.1.3.1. Identification of product using 
1
H NMR 
To confirm the proposed dehydration, 
1
H NMR spectrum of the product of reaction of A9CG74 
on D-galacturonate was recorded. Instead of 5-keto-4-deoxy galacturonate as found in the 
GalurD reactions discussed in Chapters 2 and 3, the product was identified as either 3-deoxy-D-
xylo-hexarate or 3-deoxy-D-lyxo-hexarate (Figure 4.7).  Because neither of these products will 
react with semicarbazide, we hypothesized that an intermediate that would react with 
semicarbazide (such as a dehydration product) was formed and later consumed. When B9JNP7 
and B5Q5L5, other members of this cluster, were incubated with D-galacturonate, the same 
product was formed. 
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Figure 4.7. 
1
H NMR spectra of the reaction of GalrD-III and D-galacturonate. (A) Reaction 
performed in H2O. (B) Reaction performed in D2O. 
 
Because this product does not react with semicarbazide, kinetics were unable to be determined 
from semicarbazide solution. Furthermore, this product is not observed in any known metabolic 
pathway which precludes the use of coupled assays to determine kinetic constants. 
 
4.3.1.3.2. Potential reaction mechanism 
We rationalize the formation of this unexpected product as follows. Instead of catalyzing 
dehydration by abstraction of the proton from the carbon alpha to the carboxylate group, the 
proton alpha to the aldehyde group is abstracted, resulting in a semicarbazide-active product; 
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then, the dehydration product undergoes a benzil rearrangement (a 1,2-hydride transfer) in which 
the aldehyde group is oxidized to a carboxylate group and the adjacent carbonyl group is reduced 
to an alcohol (Figure 4.8). Once our collaborators provided us with a model of D-galacturonate 
bound in the active site (Figure 4.4B), which shows the aldehyde group of D-galacturonate 
coordinated to the Mg
2+
 ion; in this configuration, the proton alpha to the aldehyde is poised for 
abstraction. The proton alpha to the aldehyde has a lower pKa than the proton alpha to the 
carboxylate, allowing this abstraction to occur easily.  
 
 
Figure 4.8. Proposed mechanism for the reaction of GalrD-III using D-galacturonate. Rather than 
abstracting the proton alpha to the carboxylate from (1) D-galacturonate, the proton alpha to the 
aldehyde is abstracted and dehydration occurs to yield (2) 3-deoxy-D-lyxo-hexulosuronate. A 
benzilic rearrangement (1,2-hydride shift) to yield (3) 3-deoxy-D-xylo-hexarate or 3-deoxy-D-
lyxo-hexarate (stereochemistry at C2 is uncertain). 
 
This novel abstraction of a proton located alpha to an aldehyde immediately opens the door to 
the possibility of aldose sugars as substrates for other enolase superfamily members. 
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4.3.2. RNAseq and qPCR show upregulation of genome-proximal genes that may be 
involved in the metabolism of galactarate 
Once the activity of A9CG74 and its orthologs was established, in vivo transcript analysis was 
performed using RT-qPCR and RNAseq. m-Galactarate is not a carbon source for 
Agrobacterium tumefaciens strain C58 under the conditions used; it was proposed by Chang and 
Feingold that D-galacturonate was the intercellular precursor to m-galactarate for A. tumefaciens 
[10, 19]. For this reason, A. tumefaciens was grown on D-galacturonate to look for up-regulation 
of the genes near to A9CG74 (Figure 4.9). 
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Figure 4.9. Genome neighborhoods of A9CG74 and its orthologues. Annotations: 1) galactarate 
dehydratase-III; 2) mutarotase; 3) a potential lactonase; 4) decarboxylase/dehydratase (DHDPS); 
A) non-orthologous MR subgroup members of unknown function; B) NAD
+
-dependent 
dehydrogenase. Bracket indicates partially sequenced genome. 
 
Key differences in genomic context were observed between rhizobia and agrobacteria members 
of this cluster. The A9CG74 genome neighborhood encodes eight genes that are conserved in the 
genome neighborhoods of other members of the cluster: Q9CU96 (locus tag Atu4189), a member 
of the dihydrodipicolinate synthase (DHDPS) superfamily; Q7CU97 (locus tag Atu4190), a 
potential lactonase; Q7CU98 (locus tag Atu4191), GntR regulator; Q7CU99 (locus tag 
Atu4192), Q7CUA0 (locus tag Atu4193), A9CG73 (locus tag Atu4194), and Q7CUA2 (locus tag 
Atu4195), ABC transporters; and A9CG75 (locus tag Atu4197), mutarotase (Figure 4.9). The 
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species of Agrobacterium in this cluster share most of these genes except that a LysM gene, 
which encodes a cell wall lytic protein, replaces the mutarotase in the Agrobacterium 
radiobacter K84 genome. Rhizobia members show the absence of a mutarotase and the presence 
of an additional MR subgroup member (Figure 4.9, gene A), which was unable to be functionally 
characterized (Section 5.6). An additional NAD
+
-dependent dehydrogenase is located adjacent to 
the GntR regulator (Figure 4.9, gene B). Rhizobia also contain an additional dipeptide transport 
system and conserved genes including a flavoprotein and a nitroreductase. Because these genes 
are not conserved in all members of this cluster, they likely are not necessary for the metabolism 
of m-galactarate. 
 
Overall, the similarities between the genome contexts of agrobacteria and rhizobia members of 
this cluster reveal seven core conserved genes that could involved in the metabolism of 
galactarate: GalrD-III, DHDPS, regucalcin regulator/potential lactonase, and four ABC 
transporter genes. Transcriptomic analysis confirmed that A9CG74 and its surrounding genes 
were up-regulated (Figure 4.10) and qPCR confirmed these results (Figure 4.11).  
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Figure 4.10. RNAseq analysis of up-regulation of the genome neighborhood genes surrounding 
A9CG74 (Atu4196) when grown on D-galacturonate compared to glucose. Numbers in the bars 
indicate fold change compared to glucose. Gene annotations: 1) GalrD-III; 2) Mutarotase; 3) 
Potential lactonase or Regucalcin; 4) Decarboxylase/Dehydratase DHDPS Pfam family member.  
 
 
 
Figure 4.11. Up-regulation of the genome neighborhood genes as found through qPCR on cells 
grown on D-galacturonate compared to glucose. 
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Adjacent genes encoding A9CG74 and A9CG75 as well as Q7CU96 and Q7CU97 were tested to 
determine if they are co-transcribed using the cDNA as a template to amplify the intergenic 
region. The genes encoding A9CG74 and A9CG75 were found to be on the same transcript, as 
were Q7CU96 and Q7CU97 (Figure 4.12). However, the Agrobacterium tumefaciens C58 
genome encodes at least two additional pathways for D-galacturonate degradation, so it is 
possible that the genes in the genome neighborhood of A9CG74 are part of a much larger set of 
co-regulated genes involved in D-galacturonate metabolism, of which those involved in 
m-galactarate degradation are a subset.  
 
Figure 4.12. PCR amplification of intergenic regions between A9CG75 and A9CG76 (Atu4196 
and Atu4197, respectively) as well as between Q7CU96 and Q7CU97 (Atu4189 and Atu4190, 
respectively). From left to right: Lane 1) NEB 1 kbp ladder; Lane 2) NEB 100 bp ladder; Lane 3) 
Amplicon from primers spanning the intergenic region between A9CG75 and A9CG76 from 
cDNA (expected size 550 bp); Lane 4) Amplicon from primers spanning the intergenic region 
between Q7CU96 and Q7CU97 (expected size 950 bp); Lane 5) Same as Lane 3) but from 
gDNA (expected size 550 bp); Lane 6) Same as Lane 4) but from gDNA (expected size 950 bp). 
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4.3.3. The mutarotase A9CG75 acts on D-galacturonate 
Using saturation difference NMR (SD-NMR), the mutarotase A9CG75 was tested for activity on 
D-galacturonate (Figure 4.13, Xudong Guan). In saturation difference NMR, a pulse sequence is 
used to “label” the peak corresponding to the α-anomer of the cyclic substrate by saturating its 
signal; this spectrum is the subtracted from a spectrum of unlabeled cyclic substrate (Figure 
4.13A), providing a difference spectrum which shows only the labeled peak (Figure 4.13B). 
Once the difference spectrum has been successfully obtained, the same pulse sequence is used 
for a reaction containing the mutarotase and cyclic substrate. As the mutarotase converts the α-
anomer of the cyclic D-galacturonate to the β-anomer, and vice versa, the saturation label is 
transferred to the β-anomer and resonances associated with the β-anomer become visible in the 
difference spectrum (Figure 4.13C). SD-NMR was also performed for D-galactose and D-
glucose with no transfer of saturated signal (data not shown). Thus, D-galacturonate is a 
substrate for A9CG75. 
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Figure 4.13. SD-NMR of A9CG75 on D-galacturonate. The detected anomeric proton is shown 
in red above the spectra. (A) Spectrum of unlabeled D-galacturonate. (B) Difference spectrum of 
substrate showing saturated peaks associated with the α-anomer of D-galacturonate at 5.15 ppm. 
(C) Difference spectrum of the reaction of A9CG75 on D-galacturonate; appearance of peaks at 
4.45 ppm corresponds to the transfer of saturation signal from the α-anomer to the β-anomer of 
D-galacturonate, as expected from the reaction of the mutarotase A9CG75. 
 
 
It is unlikely that the A9CG75 plays a role in the direct metabolism of m-galactarate because m-
galactarate is not cyclic in solution. More likely is that this enzyme uses D-galacturonate in an 
upstream pathway to form m-galactarate from D-galacturonate, the regulation of which is 
complex and beyond our understanding at this juncture. 
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4.3.4. The genome-proximal DHDPS Pfam family member is a decarboxylase/dehydratase 
which acts 2-keto-3-deoxy-galactarate 
The conserved DHDPS Pfam family member (Q7CU96) was purified and tested for activity on 
the product of GalrD-III, 2-keto-3-deoxy-galactarate. To determine the substrate specificity, 
Q7CU96 was also tested for activity on 5-keto-4-deoxy-glucarate (KDG), the mirror image of 2-
keto-3-deoxy-galactarate. Because the DHDPS Pfam family member showed homology with 
known DHDPS aldolases (BLAST e-value 10
-62
), we first tested for aldolase activity using an 
LDH-coupled assay. No activity was observed. 
 
Next, the ability of Q7CU96 to catalyze dehydration of 2-keto-3-deoxy-galactarate followed by 
vinylogous decarboxylation was tested by monitoring the formation of α-ketoglutarate 
semialdehyde by coupling the reaction with α-ketoglutarate semialdehyde dehydrogenase 
(αKGSDH) (Figure 4.14A). In this assay, decarboxylation would yield α-ketoglutarate 
semialdehyde that would be oxidized using NAD
+
 by αKGSDH. Kinetic measurements were 
calculated on both 2-keto-3-deoxy-galactarate and KDG (Table 4.5). The reaction using 2-keto-
3-deoxy-galactarate showed the following kinetic constants: kcat = 1.6 ± 0.1 s
-1
, Km = 27 ± 9 µM, 
and kcat/Km = 5.9 x 10
4
 M
-1
s
-1
. The reaction using KDG as the substrate showed the following 
kinetic constants: kcat = 0.01 s
-1
, Km = 180 µM, and kcat/Km = 61 M
-1
s
-1
. From these experiments, 
it is clear that 2-keto-3-deoxy-galactarate, the product of GalrD-III, is the preferred substrate. 
The formation of α-ketoglutarate semialdehyde was confirmed using 1H NMR spectroscopy 
(Figure 4.14B). Together, A9CG74 and Q7CU96 transform m-galactarate to α-ketoglutarate 
semialdehyde that would be oxidized to α-ketoglutarate. 
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Table 4.5. Kinetic constants determined for the dehydration/decarboxylation catalyzed by 
Q7CU96 on 2-keto-3-deoxy-galactarate and KDG. 
Substrate for Q7CU96 kcat (s
-1
) Km (µM) kcat/Km (M
-1
s
-1
) 
2-keto-3-deoxy-galactarate 1.6 ± 0.1 27 ± 9 5.9 x 10
4
 
KDG 0.095 ± 0.005  250 ± 90 41 
 
 
 
 
Figure 4.14. Reaction of Q7CU96 with 2-keto-3-deoxy-galactarate as the substrate. A) Reaction 
scheme of dehydration and decarboxylation by Q7CU96 to form α-ketoglutarate semialdehyde. 
B) Partial 
1
H NMR spectrum of the product of the reaction of Q7CU96 with 2-keto-3-deoxy-
galactarate as the substrate. The peak at 4.87 ppm corresponds to the proton adjacent to the 
aldehyde; the multiplet at 1.95 to 2.15 ppm corresponds to the remaining protons. 
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4.4. Conclusions 
From both in vitro enzymatic activity and in vivo transcriptomics, we propose that the 
dehydration of m-galactarate is the physiological function of A9CG74 and that the product of 
this reaction, 2-keto-3-deoxy-galactarate, is converted to α-ketoglutarate semialdehyde by 
Q7CU96. We propose the name GalrD-III to indicate both the physiological role as well as its 
mechanistic distinctiveness from previously reported galactarate dehydratases that do not contain 
the same active site residues [14, 18]. Based on conserved catalytic and substrate binding 
residues, we propose that all 27 members of this cluster be designated as GalrD-III. 
 
The unprecedented abstraction of the proton alpha to an aldehyde group observed with D-
galacturonate suggests that aldoses could be substrates for uncharacterized members of the ENS. 
The additional dehydration reaction on D-galacturonate, which is catalyzed through the 
abstraction of the proton alpha to an aldehyde group, allows the possibility of aldose sugars as 
substrates for other enolase superfamily members. These previously unidentified substrates could 
help functional assignment of additional members of the enolase superfamily which play a role 
in sugar metabolism. Considering the natural abundance of aldose sugars such as glucose, the 
importance of this finding cannot be overstated. 
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CHAPTER 5: SCREENING OF UNCHARACTERIZED MEMBERS OF 
THE ENOLASE SUPERFAMILY 
5.1. Introduction 
Chapters 2 through 4 describe the successful functional identification of members of the enolase 
superfamily (ENS) of enzymes. These identifications were possible mainly because of a 
medium-throughput screening assay which detected dehydration of acid-sugars described 
previously. Unfortunately, this library is limited by the availability of acid-sugars (either through 
chemical synthesis or through purchase) and thus the ability to assign functions by screening is 
limited as well; furthermore, by looking only for dehydration of acid sugars, other possible 
activities such as cycloisomerization of lactones are missed [1].  
 
5.1.1. Contents of sugar library used for screening 
The library used for screening initially contained 65 three, four, five, and six carbon mono- and 
diacid sugars. When possible, these acid sugars were purchased. Approximately half of the 
library was synthesized by previous members of the Gerlt lab. We were able to expand the 
library to include all possible D- and L-uronic acids for a total of 77 acid sugars in the library 
(Figure 2.5). After this addition all enzymes with no function were re-screened. 
 
Considering the evolutionary potential of α/β barrels, more reactions are possible in the enolase 
superfamily than are currently known. This has been shown recently in such reactions as Gci 
discovered by the Richard group in Finland [1], as well as the proposed mechanism for GalrD-III 
on D-galacturonate discussed in chapter 4. Dehydration, although prevalent, is not the only 
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reaction found in the MR subgroup. For this reason, 
1
H NMR assays can be utilized to elucidate 
unknown functions. However, these assays are slow (only one or two substrates can be screened 
at one time compared with screening 70-plus sugars in a dehydration screen) and extensive 
coverage of even a medium-sized library is tedious. For this reason, computational predictions 
based on crystal structures can serve to focus the possible substrates and lower the total number 
of assays required to elucidate a function. 
 
To address these limitations, collaborative efforts were started toward the goal of functional 
assignment. One such effort is the program project Deciphering Enzyme Specificity, and another 
is the Enzyme Function Initiative. Although both focus on the problem of functional assignment, 
each uses a unique strategy to address this problem. 
 
5.1.2. Deciphering enzyme specificity 
Enzymologists face the underlying question of how to determine the function of an enzyme that 
does not have a known activity. Occasionally these problems can be addressed using 
computational biology to screen a vast library of metabolites rather than a limited library of 
purchased or synthesized compounds. The Deciphering Enzyme Specificity (DES) program 
project focused on known enzyme superfamilies with many members of unknown function, i. e. 
the enolase superfamily and amidohydrolase superfamily [2], structural and mechanistic 
characteristics of which were discussed in Chapter 1. This was done with a sequence-structure-
computation strategy relying on bioinformatics to guide target selection and computation to 
provide initial substrate predictions to guide the enzymology assays. 
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The sequence-structure-computation strategy has had success in terms of functional assignment. 
Targets are identified using sequence alignments to compare catalytic residues, followed by 
crystallization of the targets and computational predictions to provide a list of potential 
substrates. Dipeptide epimerases, a large group of enzymes with divergent substrate specificities, 
were able to be functionally characterized using computational biology as well as enzymology 
[3]. Furthermore, computation was able to assist the functional assignment of GalrD-II, which 
had no useful operon context to provide insight into possible substrates [4]. In these cases, 
computation predictions based on structure were vital to identifying the correct function of these 
enzymes. 
  
However, computational docking presents several problems to functional assignment. The most 
obvious is that enzymes without crystal structures or without suitable structures cannot be used 
for computational docking. For example, if a structure is deposited but essential residues are 
disordered or missing from the structure, docking will not provide reliable predictions. In the 
case of the ENS missing/disordered structures occur in the mobile loops which sequester the 
active site from the environment and impart substrate specificity [5]. Structures with ligands and 
appropriate metal ions bound provide the best docking results because the ligand interacts with 
flexible loops and yield an ordered structure suitable for docking, so if an apo structure is 
deposited the docking results may not be reliable. Furthermore, docking itself favors the 
substrates which provide the tightest binding, so in some cases the top hits are actually excellent 
inhibitors rather than substrates. For these reasons, docking is a wonderful tool under the correct 
circumstances but is not a magic wand for predicting substrates.  
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5.1.3. Enzyme function initiative  
The Enzyme Function Initiative (EFI) was created as a multidisciplinary, large-scale effort to 
assign functions to enzymes based on computation, crystal structure, 
metabolomics/microbiology, and enzymology. Unlike DES, the EFI focuses on the physiological 
function of enzymes, utilizing opportunities such as knockouts to determine the role of enzymes 
within a cell. The EFI’s goal is to create unified sequence/structure-based strategies and make 
them publically available. These strategies are developed using bioinformatics, computation, and 
structural biology to provide a focus for in vitro and in vivo experiments in enzymology, 
genetics, and metabolomics [6]. This approach offers several different methods to attempt 
functional assignment including computational predictions based on crystal structures of target 
proteins as well as operon proteins, whole-cell metabolomics of deletion cell strains, and enzyme 
screening. 
 
Docking results from a single crystal structure often include irrelevant substrates in addition to 
“correct” substrates; in order to determine which results are relevant in a single docking 
experiment, additional in vitro assays should be performed. During the collaborations in the EFI 
it was discovered that in some instances, computation can be used to predict the function of an 
entire operon in order to determine the pathway, particularly if there are quality crystal structures 
available of the enzymes. The effort to determine the pathway based on operon proteins is 
termed ‘pathway docking’ because it uses docking results on multiple enzymes in a metabolic 
pathway to narrow down the possible correct choices. For pathway docking, the docking results 
for multiple enzymes in a pathway can be compared to reveal chemistry that is appropriate and 
substrate features (for instance, cyclic structures, number of carbons, functional groups, etc.) that 
are similar. 
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Unfortunately, even with the additional minds and resources focused on functional assignment, 
there are still gaps in our knowledge which prevent all targets from being elucidated. The targets 
listed below in Sections 5.2 through 5.9 are some examples of additional efforts used in 
screening which ultimately did not yield assignments. 
 
5.2. Structure no function: EFI Target 502088 (PDB-2NQL) from Agrobacterium 
tumefaciens str. C58 
Target 502088 (UniProt accession A9CL63) is one of eight MR subgroup members from 
Agrobacterium tumefaciens strain C58. 502088 was cloned and purified as described in Section 
4.2.1. 502088 does not cluster with any known functions in a representative node (95% identity) 
sequence similarity network with a BLAST cutoff value of 10
-85
 (Figure 5.1), but did appear to 
be a MR subgroup member based on its catalytic residues; as is the case with galactonate 
dehydratase, this enzyme shows a DxH motif at the end of the third β-strand where the His 
residue can act as a base and the Asp residue coordinates the metal ion. There is a crystal 
structure of this enzyme, PDB-2nql, which unfortunately has a loop which is not closed over the 
active site in a dockable conformation (Figure 5.2).  
 
This enzyme was cloned into pET17b vector, purified, and screened by Jason Bouvier. 502088 
showed no significant dehydration (<20% turnover in our overnight dehydration assay) on any 
sugar in the library, so we relied on genome neighborhood docking (Section 5.2.1) and 
computational predictions (Section 5.2.2). 
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Figure 5.1. Sequence similarity representative node network (95% sequence identity) for the 
enolase superfamily except for enolase subgroup clustered at a BLAST e-value of 10
-85
. 
Enzymes discussed in this chapter are indicated with arrows and red dots. Gray represents 
unknown functions, other colors represent characterized functions: muconate lactonizing enzyme 
subgroup, dark gray; D-arabinonate dehydratase, sky blue; D-galactonate dehydratase, hot pink; 
D-galacturonate dehydratase, orange; D-tartrate dehydratase, violet; L-lyxonate dehydratase, 
forest green; L-fuconate dehydratase, olive; L-talarate/galactarate dehydratase, red; galactarate 
dehydratase-ii, light pink; galactarate dehydratase-iii, lime green; glucarate dehydratase, bright 
blue; mandelate racemase, magenta; mannonate dehydratase, pink; rhamnonate dehydratase, dark 
green. 
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Figure 5.2. Overall structure view of Target 502088 (PDB-2nql). The substrate specificity loop, 
indicated with brackets, is not closed over the active site. 
 
5.2.1. Genome neighborhood context 
The genome neighborhood context of 502088 encodes several additional enzymes which could 
be involved in sugar catabolism. Because of the close proximity of these genes to the gene 
encoding 502088, and the fact that Microbes Online predicts that these genes would exist in an 
operon, we switched our focus from assigning a function to 502088 to discovering the function 
of the operon proteins. 
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Figure 5.3. The genome neighborhood containing 502088 (Gene 4, red). Gene product 
annotations are as follows: 1) Atu5455, hydrolase; 2) Atu5456, 2-keto 3-deoxygalactokinase; 3) 
Atu5457, dihydrodipicolinate synthase (DHDPS); 4) Atu5458, Target 502088, PDB-2nql; 5), 6), 
7), and 8) ABC transporters; 9). Atu5463, nucleoside diphosphate sugar epimerase; 10) Atu5464, 
gluconolactonase/transcriptional regulator; 11) Atu5465, D-gluconate dehydrogenase. 
 
This genome neighborhood predicted to be in an operon is shown in Figure 5.3. Genes 1 and 2 
are not in the operon predicted by Microbes Online, but are included due to the close proximity 
to the gene of interest (Figure 5.3, gene 4). We were able to clone these genes directly from A. 
tumefaciens str C58 gDNA as described in section 4.2.1 and attempt functional assignment based 
on predicted annotations. 
 
Atu5456 (EFI ID 506439), annotated as a 2-dehydro-3-deoxy-galactokinase, was isolated and 
tested for kinase activity on 2-keto-3-deoxy-galactonate using 35 μM enzyme, 0.8 mM ATP, 0.1 
mM NADH, 80 μM phosphoenolpyruvate (PEP), 0.5 units pyruvate kinase, 1 unit lactate 
dehydrogenase, 50 mM sodium phosphate buffer at pH 7.9, 5 mM MgCl2, and varying the 
substrate concentration from 0.5 to 10 mM; the decrease in absorbance at 340 nm was observed 
over 10 minutes. The kcat observed for this reaction was approximately 10
-6
 s
-1
, Km of 
approximately 1 mM, and kcat/Km of approximately 0.001 M
-1
s
-1
. These kinetic constants indicate 
that this enzyme does not use 2-keto-3-deoxy galactonate as its substrate, and this annotation is 
incorrect. 
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Atu5463 (EFI ID 506441) annotated as a nucleoside diphosphate sugar epimerase, was screened 
for dehydrogenase activity using our library of acid sugars, 2 mM NAD
+
, 1 unit of diaphorase, 
and 1 mM iodonitrotetrazolium dye (INT). Reduction of INT to form a red dye was qualitatively 
monitored. After 20 minutes, a low amount of activity was observed D-malate, a 4-carbon diacid 
sugar, as well as D-mannonate, a 6-carbon monoacid sugar. Considering these substrates show 
little similarity and low activity, these substrates were not investigated further. 
 
The operon-encoded proteins provided no usable clues on the possible function of 502088. 
Instead, crystallization became the focus to guide our experimental efforts. 
 
5.2.2. Crystal structures of genome neighborhood 
In this case, we were able to purify several of the operon proteins and send them to our 
collaborators for x-ray crystallization (Table 5.1). To this end, one crystal structure was 
successfully obtained: PDB-4id9 of Atu5463, annotated as a nucleoside diphosphate sugar 
epimerase. This structure was liganded with NAD
+
, bringing the total number of structures of 
operon proteins to two; Atu5456, annotated as 2-dehydro-3-deoxy galactokinase has a homolog 
with a crystal structure which shares a mere 32% identity. Similarly, a homolog of Atu5465, 
annotated as a D-gluconate dehydrogenase, has a crystal structure, but shares only 38% identity 
with our target protein. Despite our efforts, collaborators were unable to perform pathway 
docking because too few suitable crystal structures were available for reliable predictions. 
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Table 5.1. Summary of available structures of proteins encoded near to target 502088. 
Locus 
tag 
LabDB 
ID 
Annotation 
Closest 
structure 
Ligand 
bound 
Atu5455 506443 hydrolase 1BPW- 22% NAD
+
* 
Atu5456 506439 2-dehydro-3-deoxy galactokinase 3T69- 32% Sulfate 
Atu5457 506440 dihydrodipicolinate synthase 3FKK- 32% Sulfate** 
Atu5463 506441 nucleoside-diphosphate-sugar 
epimerase 
4ID9- 100% NADP
+
 
Atu5464 506444 transcriptional regulator or 
gluconolactonase 
4IMR – 100% none 
Atu5465 506442 D-gluconate dehydrogenase 3UF0- 38% NADP
+
 
* This crystal structure is inappropriate for docking because a hydrolase would not utilize NAD
+
 as a substrate. 
**This crystal structure is not suitable for docking because the active site is exposed to solvent 
 
Despite our best efforts at functional annotation through assignment of operon enzymes, we were 
unable to determine the function of target 502088. More crystal structures of the operon-encoded 
proteins must become available before pathway docking can be attempted again. 
 
5.3. EFI Target 502315 from Agrobacterium tumefaciens strain C58 
Target 502315 (UniProt accession A9CJ44, locus tag Atu1406) was cloned into pET17b and 
purified tagless as described in Section 4.2.1.This enzyme was screened against a library of acid 
sugars, and low activity was discovered on D-gluconate. This low activity represented a kcat 
value of less than 0.01 s
-1, indicating that substrate is structurally similar to the “true” substrate 
so further experiments were performed. 
 
5.3.1. Genome neighborhood context  
The gene encoding target 502315 is predicted by MicrobesOnline [7] to be located in an operon 
with genes encoding gluconate dehydrogenase, sorbitol dehydrogenase, and ureiodoglycolate 
hydrolase (Figure 5.4). From these annotations, it is likely that 502315 is an acid-sugar 
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dehydratase involved in sugar metabolism, possibly of D-gluconate due to the annotations of 
gluconate dehydrogenase and sorbitol dehydrogenase. Screening for dehydratase activity was 
performed to test this hypothesis. 
 
 
Figure 5.4. Predicted operon context for 502315 from MicrobesOnline. Numbers represent 
distances between genes. 
 
5.3.2. Low activity on D-gluconate 
Initial screening for dehydration against a library of acid-sugars was performed by Jason 
Bouvier. The only observable activity was for D-gluconate. Determination of kinetic constants 
was done using semicarbazide end-point assay: kcat = 0.003 s
-1
, Km = 1.8 mM, kcat/Km = 1.7  
M
-1
s
-1
. These extremely low kcat and kcat/Km values indicate that this is not the correct substrate 
for 502315. The reasonable Km value indicates that the correct substrate shares some chemical 
functionality with D-gluconate. There are several chemically similar sugars in our screening 
library (Figure 2.5) which showed no turnover. Despite our best efforts, the correct substrate was 
unable to be identified. 
 
5.4. EFI Target 502127 
Target 502127 from marine actinobacterium PHSC20C1 (UniProt accession A4AFX2) has two 
crystal structures available—PDB-3msy and PDB-3no1 (Figure 5.5). This enzyme exists in a 
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cluster with approximately 5 other proteins (Figure 5.1). The sequence shows a KxK motif at the 
end of the second β-strand and an H/D dyad at the seventh and sixth β-strands, respectively, in 
accordance with a typical MR subgroup member. Unfortunately, the structure is missing a loop 
which closes over the active site, halting the possibility of substrate docking (Figure 5.5). This 
protein was isolated and cloned into pSGX3 vector by the protein production core at Albert 
Einstein College of Medicine (AECOM). When this enzyme was screened for dehydration, no 
hits were observed (Table 5.2) 
 
 
Figure 5.5. Crystal structure of Target 502127 (PDB-3no1). 
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Table 5.2. Top hits for dehydration screening of 502127. 
Substrate % turnover after 16 hours 
D-mannonate 3.8 % 
D-arabinonate 3.5 % 
D-arabinarate/D-lyxarate 3.2 % 
D-idarate 3.1 % 
D-idonate 3.0 % 
D-allonate 3.0 % 
 
The operon context of this enzyme provided no further insight into potential substrates. The 
closest homolog (locus tag Cwoe_1012 from Conexibacter woesei DSM 14684, 65% identity) 
with an operon context in MicrobesOnline showed that this gene was predicted to be a 
monocistronic transcript; furthermore, this gene was surrounded by a β-lactamase and a protein 
of unknown function, neither of which would be involved in sugar metabolism (Figure 5.6). 
 
 
Figure 5.6. Predicted operon context for a homolog of 502127 (locus tag Cwoe_1012) from 
MicrobesOnline. Numbers represent distances between genes. 
 
5.5. EFI Target 500917 
Target 500917 (UniProt accession B3R4G6) from Cupriavidus taiwanensis was found to cluster 
with several other MR subgroup members (Figure 5.1); all of these members were found to be 
encoded adjacent to GalrD-III enzymes (Figure 4.7, gene A). However, the operon context of 
this particular gene does not encode GalrD-III (Figure 5.7). The operon context is largely 
uninformative, consisting of a hypothetical protein and dimethylmenaquinone methyltransferase; 
a downstream nucleoside diphosphate sugar epimerase and lactonase/Ca
2+
 binding regulatory 
protein are extremely close to the predicted operon. 500917 was cloned into pAVITAG tagless 
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vector and purified by the protein production core at AECOM. This target was screened for 
dehydration, but no activity was observed (Table 5.3). Additionally, this enzyme was tested via 
1
H NMR for activity with all available uronic acids, D-glucarate, and galactarate with reactions 
observed over 4 days, but no activity was observed in 
1
H NMR spectra of the reactions. 
 
 
Figure 5.7. Predicted operon context of target 500917 from MicrobesOnline, indicated by gray 
box. 
 
Table 5.3. Top hits for dehydration screening of 500917. 
Substrate % turnover after 16 hours 
D-lyxonate 2.3 % 
D-xylonate 1.9 % 
D-galactonate 1.8 % 
D-galacturonate 1.8 % 
D-idonate 1.8 % 
D-altrarate/D-talarate 1.8 % 
D-mannarate 1.8 % 
D-arabinonate 1.8 % 
D-taluronate 1.8 % 
D-arabinarate/D-lyxarate 1.8 % 
 
5.6. EFI Target 500914 
Target 500914 from Rhizobium etli CIAT 652 (UniProt accession B3Q5L6) is a presumed 
member of the MR subgroup based on sequence alignments. This protein was cloned into 
pAVITAG tagless vector and purified by the protein production core at AECOM. This protein 
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clusters with Target 500917 described in Section 5.5 (Figure 5.1) but is in a different operon 
context. The gene encoding this enzyme is located in an operon adjacent to another MR 
subgroup member, 500913 (UniProt B3Q5L5), which was identified as a galactarate 
dehydratase-III (Figure 5.8). Galactarate dehydratase-III is known to act on galactarate to form 
2-keto-3-deoxy galactarate; we hypothesized that perhaps 500914 would act on 2-keto-3-deoxy 
galactarate, but no activity was observed in the 
1
H NMR spectrum of the reaction. When this 
enzyme was screened for dehydration, it showed only 13 % turnover on D-glucarate (Table 5.4); 
however, there was no dehydration detected in the 
1
H NMR spectrum of the reaction. 
 
Figure 5.8. Predicted operon context of 500914 from MicrobesOnline. 
 
Table 5.4. Top hits for dehydration screening of 500914. 
Substrate % turnover after 16 hours 
D-glucarate/ L-gularate 13.8 % 
L-malate 3.4 % 
D-mannarate 3.3 % 
D-glucuronate 3.1 % 
 
5.7. EFI Targets 200730, 200721, and 200750 
200730 (formerly target 500730, gi 214030457, UniProt B7QR37) from Ruegeria sp. R11, 
200721 (formerly target 500721, gi 206684451, UniProt B6BFH8) from Rhodobacterales 
bacterium Y4I, and 200750 (formerly target 500750, gi 224392767, UniProt B9R417) from 
Labrenzia alexandrii DFL-11 were cloned into a C-terminal His-tagged vector and purified by 
the protein production core at AECOM. These enzymes are located in the same cluster (Figure 
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5.1) with approximately 10 other proteins. Furthermore, the operon contexts of this cluster of 
enzymes are quite similar (Figure 5.9): they share an annotated oxidoreductase and aldehyde 
dehydrogenase.  
 
 
Figure 5.9. Predicted operon context of targets 200730, 200721, and 200750 from 
MicrobesOnline. 
 
These enzymes were screened for activity against a library of diacid sugars and found to have 
low turnover on m-xylarate (Table 5.5). These were further tested in an overnight dehydration 
assay for activity on m-xylarate activity with 1, 2, and 10 μM enzyme against 0.5, 1, and 2 mM 
m-xylarate. These reactions were performed in 20 mM Na
+
 HEPES buffer at pH 7.9 and 5 mM 
MgCl2 at 30 ºC for 14 hours prior to quenching in semicarbazide/ 1% sodium acetate 
(semicarbazide solution). No activity was observed under these conditions (Figure 5.10). 
 
Table 5.5. Top hits for dehydration screening of 200730, 200721, and 200750. 
200730 200721 200750 
L-glucuronate, 12.7 % D-mannonate, 3.6 % D-mannarate, 5.3 % 
L-gularate, 10.2 % D-arabinonate, 3.6 % m-xylarate, 4.9 % 
L-gluconate, 10.2 % D-lyxonate, 3.2 % D-idonate, 4.9 % 
2-amino-D-glucarate, 9.3 % D-arabinarate/ L-lyxarate, 3.1 % L-galacturonate, 4.0 % 
m-xylarate, 7.6 % m-xylarate, 1.5 % D-idarate, 3.8 % 
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Figure 5.10. Representative plot of concentration of product produced by 200730, 200721, or 
200750 versus concentration of m-xylarate substrate at three enzyme concentrations. The line 
represents simulated complete conversion of substrate to product. 
 
5.8. EFI Target 500650  
Target 500650 from Arthrobacter aurescens TC1 (locus tag AAur_3318, UniProt accession 
A1R9V2) was cloned into a C-terminal His-tagged vector by the protein production core at 
AECOM. 500650 exists in a cluster with approximately 20 other proteins (Figure 5.1). This 
enzyme was screened against a library of acid sugars, but the only turnover observed was 
approximately 12 % for D-galactonate (Table 5.6). In order to investigate whether this low 
activity could be a true function, a small-scale 16 hour screen varying the enzyme concentration 
from 1 μM to 10 μM and the substrate concentration from 0.5 mM to 2 mM was set up under the 
conditions described in Section 5.7 and the concentration of product was determined using 
semicarbazide solution. Under these conditions, the only reaction that went to completion 
contained 10 μM enzyme and 0.5 mM substrate (Figure 5.11). Assuming complete saturation of 
the enzyme, this corresponds to a kcat of approximately 9 x 10
-5
 s
-1
. No further experiments were 
performed. 
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Table 5.6. Top hits for dehydration screening of 500650. 
Substrate % turnover after 16 hours 
D-galactonate 12.2 % 
D-mannarate 3.8 % 
L-mannarate 3.6 % 
 
 
Figure 5.11. Plot of concentration of product produced by 500650 versus concentration of D-
galactonate substrate at three enzyme concentrations. The line represents the simulated complete 
conversion of substrate to product. 
 
5.9. Conclusion 
Despite our best efforts, there are some enolase superfamily members that were unable to be 
functionally assigned. This is due in part to the limited library used for dehydration screening, 
and in part due to the evolutionary potential of enolase superfamily members which makes 
relevant computational predictions challenging. New functions are difficult to predict and 
occasionally difficult to detect using the methods commonly used in our assays. It would be 
impractical to expand the library to include all known metabolites and all possible reactions.  
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Each functional assignment contributes key knowledge to the understanding of enzymes and 
their metabolic roles and furthers our understanding of the world around us, but the failures can 
also help us to improve our assays and libraries. As new functions are discovered, such as the 
Gci [1] and GalrD-III that can catalyze dehydration alpha to an aldehyde (Chapter 4), the library 
can be expanded to include additional substrates that are likely to be used by enolase superfamily 
members. Additionally, the newly characterized members are used to improve computational 
predictions and verify their tools. Thus, efforts for functional assignment would be guided for 
more success in this area. 
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APPENDIX A: PROPERTIES OF TARGET PROTEINS FROM AGROBACTERIUM 
TUMEFACIENS STRAIN C58 
 
A.1 GalrD-III (UniProt A9CG74, locus tag Atu4196) 
 
Table A.1. Properties of proteins encoded near to GalrD-III on the A. tumefaciens C58 genome. 
Gene locus tag UniProt Function 
LabDB  
(EFI) id 
gi ε (M
-1
cm
-1
) MW (Da) 
Atu4196 A9CG74 GalrD-III 500703 1589786 66710 44.6 
Atu4197 A9CG75 mutarotase 506445 15890785 48460 32452 
Atu4190 Q7CU96 
Potential 
lactonase or 
regulator 
506518 159186057 35100 31836 
Atu4189 Q7CU97 
Dehydratase/ 
decarboxylase 
506517 159186056 21740 31504 
 
Table A.2. Properties of GalrD-III homologs. 
Organism UniProt Gene locus 
LabDB 
(EFI) id 
gi ε (M
-1
cm
-1
) 
MW 
(Da) 
Rhizobium etli 
CIAT 652 
B3Q5L5 
RHECIAT_ 
PC0000418 
500913 190894753 71120 44316 
Rhizobium 
leguminosarum 
bv. viciae 3841 
Q1M332 pRL120785 500618 116249447 69840 44444 
Rhizobium etli 
CFN 42 
Q2JZ67 RHE_PF00229 500848 86360959 72400 44669 
Agrobacterium 
radiobacter K84 
B9JNP7 Arad_7740 500740 222081410 58320 42583 
 
 
A.2 Gci (Atu3139) 
 
Table A.3. Properties of proteins encoded near to Gci (Atu3139) on the A. tumefaciens C58 
genome. 
Gene locus tag UniProt Annotation LabDB 
(EFI) ID 
gi ε (M
-1
cm
-1
) MW 
(Da) 
Atu3129 A9CEQ2 pectinase 506438 15891800 57650 55340 
Atu3138 A9CEQ7 GLI 505157 15891791 53320 31983 
Atu3139 A9CEQ8 Gci 500704 15891790 60770 41455 
Atu3140 Q8UB77 Decarboxylase/ 
dehydratase 
505163 159185621 21650 32485 
Atu3141 A9CEQ9 KduD 506435 15891788 26720 25747 
Atu3142 Q8UB75 KduI 506436 159185622 31390 30522 
Atu3143 Q7CRQ0 Uronate 
dehydrogenase 
506437 159185623 38130 29046 
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A.3 502088 (PDB-2nql) 
 
Table A.4. Properties of proteins encoded near to EFI target 502088 (PDB-2nql) on the A. 
tumefaciens C58 genome. 
Gene locus tag UniProt Annotation LabDB 
(EFI) id 
gi ε (M
-1
cm
-1
) MW 
(Da) 
Atu5455 Q7D315 hydrolase 506443 159186631 42650 24448 
Atu5456 Q7D314 2-dehydro-3-deoxy 
galactokinase 
506439 159186632 39500 32404 
Atu5457 Q7D313 Dihydrodipicolinate 
synthase member 
506440 16119685 13370 31600 
Atu5463 A9CL58 Nucleoside-
diphosphate 
epimerase 
506441 16119691 16620 35868 
Atu5464 Q7D306 Potential lactonase 
or regulator 
506444 159186636 70780 59592 
Atu5465 A9CL57 D-gluconate 
dehydrogenase 
506442 16119693 21030 26381 
 
 
A.4 502315 (locus tag Atu1406) 
 
Table A.5. Properties of proteins encoded near to EFI target 502315 (locus tag Atu1406) on the 
A. tumefaciens C58 genome. 
Gene locus tag UniProt Annotation 
LabDB 
(EFI) id 
gi ε (M
-1
cm
-1
) 
MW 
(Da) 
Atu1406 A9CJ44 
MR subgroup 
member 
502315 15888732 63440 44172 
Atu1407 A9CJ43 
Gluconate 
dehydrogenase 
506446 15888733 30440 27541 
Atu1408 Q7CZB5 
Sorbitol 
dehydrogenase 
506447 159184747 5840 36700 
Atu1409 Q8UFI8 
Ureidoglycolate 
hydrolase 
506448 28376849 10930 17300 
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APPENDIX B: BUFFERS, MEDIA, AND REAGENTS 
 
B.1 Buffers for Nickel Affinity Column Chromatography
8x BINDING BUFFER (2L) 
40 mM Imidazole (5.45 g) 
4 M NaCl (467.52 g) 
160 mM TRIS-HCl at pH 7.9 (38.75) 
40 mM MgCl2 (16.26 g) 
 
8X WASH BUFFER (2L) 
480 mM Imidazole (65.36 g) 
4 M NaCl (467.52 g) 
160 mM TRIS-HCl pH 7.9 (38.75 g) 
40 mM MgCl2 (16.26 g) 
 
4X ELUTE BUFFER (2L) 
4 M Imidazole (544.64 g) 
2 M NaCl (233.76 g) 
80 mM TRIS-HCl at pH 7.9 (19.38 g) 
20 mM MgCl2 (8.13 g) 
8X CHARGE BUFFER (2L) 
400 mM NiSO4 (210.272 g) 
 
4X STRIP BUFFER (2L) 
400 mM EDTA disodium salt (297.76 g) 
2 M NaCl (233.76 g) 
80 mM TRIS-HCl pH 7.9 (19.38 g) 
~ 70 g NaOH added to dissolve, pH to 7.9 
with HCl 
 
1 M NaOH (80 g for 2 L) 
 
1 M NaCl (116.88 g for 2 L) 
 
50 % EtOH by volume 
 
 
 
 
B.2 Buffers for Anion Exchange Chromatography 
LOW SALT (4L) 
20 mM TRIS-HCl pH 7.9 
5 mM MgCl2 
 
HIGH SALT (4L) 
20 mM TRIS-HCl pH 7.9 
5 mM MgCl2 
1 M NaCl 
 
B.3 Buffers for Phenyl Sepharose Column Chromatography 
PRE-EQUILIBRATION BUFFER 
20 mM TRIS-HCl pH 7.9 
5 mM MgCl2 
1 M (NH4)2SO4 
ELUTION BUFFER 
20 mM TRIS-HCl pH 7.9 
5 mM MgCl2 
 
 
B.4 Buffers for Amylose Column Chromatography 
BINDING BUFFER (BUFFER A) 
20 mM TRIS-HCl pH 7.9 
5 mM MgCl2 
200 mM NaCl 
 
0.1% Sodium Dodecyl Sulfate (SDS) 
 
1 M NaCl 
 
 
 
ELUTION BUFFER 
20 mM TRIS-HCl pH 7.9 
200 mM NaCl 
1 mM EDTA 
10 mM maltose 
 
NOTE: Dialysis is insufficient to eliminate 
maltose from MBP tag; anion exchange 
must be performed. 
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B.5 Solutions for SDS-PAGE and DNA gels 
STACKING BUFFER (200 mL) 
0.5 M TRIS pH 6.8 (12 g) 
0.4% SDS (0.8 g) 
 
SEPARATING BUFFER (200 mL) 
1.5 M TRIS pH 8.8 (36.3 g) 
0.4% SDS (0.8 g) 
5% STACKING GEL 
0.6 mL 40% Acrylamide (29:1) 
3.1 mL ddH2O 
1.25 mL 4x Stacking buffer 
50 uL 10% ammonium persulfate (APS) 
17.5 uL TEMED 
 
10% SEPARATING GEL 
2.5 mL 40% Acrylamide (29:1) 
5 mL ddH2O 
2.5 mL 4x Separating buffer 
50 uL 10% ammonium persulfate 
9 uL TEMED 
5X SDS Running Buffer (10L) 
938 g glycine 
151 g TRIS 
Dissolve in 4L water 
50 g SDS 
Fill to 10 L 
 
50X TAE running buffer for agarose gels 
(2L) 
484 g TRIS 
114.2 mL glacial acetic acid 
200 mL 0.5 M EDTA 
Dilute 200 mL 50X TAE in ddH2O for 10L 
running buffer 
 
 
B.6 Dyes and stains for DNA and Protein Gel Electrophoresis 
6X AGAROSE DNA DYE (20 mL) 
50 mg Bromophenol blue 
50 mg Xylene Cyanol FF 
3 g Ficoll 
 
2X SDS-PAGE SAMPLE DYE (1 mL) 
100 μL 1M TRIS pH 7.9 
200 μL 1M DTT 
40 mg SDS 
0.5% Bromophenol blue 
200 μL 10% glycerol 
360 μL ddH2O 
 
COOMASSIE GEL STAIN (1L) 
1 g Coomassie Blue R-250 (BioRad) 
450 mL MeOH 
450 mL H2O 
100 mL glacial acetic acid 
 
COOMASSIE GEL DESTAIN (2L) 
100 mL MeOH 
140 mL glacial acetic acid 
1760 mL H2O 
 
 
B.7 TLC stains 
Ceric Ammonium Molybdate (CAM) 
2.5 g (NH4)6-Mo7O24 
1.0 g Ce(SO4)2 
Dissolve in 90 mL ddH2O 
Add 10 mL concentrated H2SO4 
Heat for development 
*Stains polyhydroxylated compounds blue 
with a white background 
 
Phosphomolybdic acid (PMA) 
3 g PMA 
100 mL EtOH 
Heat for development 
*Stains a variety of compounds blue/black 
with a white background 
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Potassium permanganate 
1.5 g KMnO4 
10 g K2CO3 
1.25 mL 10% NaOH 
200 mL ddH2O 
Carefully heat to speed development 
*Stains any functional group sensitive to oxidation bright yellow on a purple background 
 
 
B.8 Media for Escherichia coli growth 
Use ddH2O to obtain the correct volume unless otherwise specified, and store media in sterile 
capped bottles whenever possible. 
 
TERRIFIC BROTH (1L) 
12 g bacto-tryptone 
24 g bacto-yeast extract 
4 mL glycerol 
 
SOB MEDIUM (1L) 
20 g bacto-tryptone 
5 g bacto-yeast extract 
0.5 g NaCl 
 
SOC MEDIUM 
SOB medium plus 20 mM sterile glucose 
 
M9 MINIMAL MEDIUM (1L) 
To 750 mL sterile deionized water cooled to 50 ºC or less, add 
200 mL 5X M9 salts 
2 mL 1 M MgSO4, prepared separately and sterilized by autoclaving 
20 mL 20% liquid carbon source, prepared separately and sterilized by filtration 
0.1 mL 1 M CaCl2, prepared separately and sterilized by autoclaving 
 
5X M9 (1L) 
64 g Na2HPO4·7H2O 
15 g KH2PO4 
2.5 g NaCl 
5.0 g NH4Cl 
Divide into 200 mL aliquots and sterilize by autoclaving 
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AUTOINDUCTION MEDIUM (1 L, ZYP-5052) 
930 mL 1.2X ZY 
2 mL 1 M MgSO4 
200 µL 1000X Trace Metals 
20 mL 50X 5052 
50 mL 20X NPS 
100 µL Antifoam 
 
1.2X ZY (1L)—sterilized by autoclave 
11 g tryptone 
6 g yeast extract 
 
1000X TRACE METALS (100 mL)—do not autoclave 
Contains 50mM FeCl3, 20mM CaCl2, 10mM MnCl2, 10mM ZnSO4, 2mM CoCl2, 2mM 
CuCl2, and 2mM NiCl2 
36 mL sterile H2O 
50 mL 0.1 M FeCl2 
2 mL 1 M CaCl2 
1 mL 1M MnCl2-4H2O 
1 mL 1M ZnSO4-7H2O 
1 mL 0.2M CoCl2-6H2O 
2 mL 0.1M CuCl2-2H2O 
2 mL 0.1M NiCl2-6H2O 
2 mL 0.1M NaMoO4-2H2O 
2 mL 0.1M H3BO3 
 
50X 5052 (100 mL) –do not autoclave 
25 g glycerol (weigh in beaker) 
73 mL H2O 
2.5 g glucose 
10 g α-lactose monohydrate 
 
20X NPS (1L)—sterilized by autoclave 
900 mL dH2O 
66 g (NH4)2SO4 
136 g KH2PO4 
142 g Na2HPO4 
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B.9 Media for Agrobacterium tumefaciens growth 
Use ddH2O to obtain the correct volume unless otherwise specified, and store media in sterile 
capped bottles whenever possible. 
 
ABM (100 mL total) 
80 mL sterile ddH2O 
5 mL 20X AB Buffer 
5 mL 20X AB Salts 
Combine above, autoclave, allow to cool 
10 mL 10% (10 g/100 mL) carbon source (sterilized through filtration, separately) 
 
20X AB Buffer (1L) Sterilize by filtration 
60 g K2HPO4 (or 78.6 g K2HPO4-3H2O) 
20 g NaH2PO4 (or 23 g NaH2PO4-H2O) 
pH 7.0 
 
20X AB Salts (1L) Sterilize by filtration 
20 g NH4Cl  
6 g MgSO4-7H2O (or 2.9 g MgSO4) 
3 g KCl  
0.2 g CaCl2 (or 2.6 g CaCl2-2H2O) 
50 mg FeSO4-7H2O 
pH 7.1 
 
B.10 Media for Streptomyces coelicolor A3(2) growth 
ATCC-172 MEDIUM (1L) 
10 g glucose 
20 g soluble starch 
5 g yeast extract 
5 g N-Z amine type A (Sigma C0626) 
1 g CaCO3 
ddH2O to 1L 
 
ISP-4 (1L) 
10 g soluble starch 
1 g K2HPO4 
1 g MgSO4 
1 g NaCl 
2 g (NH4)2SO4 
2 g CaCO3 
0.001 g FeSO4-7H2O 
0.001 g MnCl2-4H2O 
0.001 g ZnSO4-7H2O 
20 g agar 
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B.11 PCR reagents for Gibson Assembly 
5X Isothermal reaction buffer (6 mL) 
3 mL 1M TRIS-HCl pH 7.5 
1.5 g PEG-8000 
300 μL 1M MgCl2 
300 μL 1M DTT (0.154 g in 1 mL) 
300 μL 100 mM NAD+ (70 mg in 1 mL H2O) 
60 μL 100 mM dATP 
60 μL 100 mM dCTP 
60 μL 100 mM dGTP 
60 μL 100 mM dTTP 
Store in 100 μL aliquots at -20 ºC 
 
1.33X Assembly master mix (375 μL) 
98.2 μL 5X Isothermal reaction buffer 
218 μL sterile water 
2 μL** 10X-diluted T5 exonuclease (Epicenter TSE4M1K) 
6.8 μL Phusion DNA polymerase 
50 μL Taq DNA ligase (NEB) 
Aliquot 15 μL into tubes and store at -20 ºC. This mixture can tolerate multiple freeze-thaw 
cycles and can remain stable for up to 2 years. 
**This amount is good for overlaps up to 80np; for overlaps greater than 80 bp, use 3.2 μL T5 
exonuclease 
 
 
 
